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Introduction

Conventional processes for extraction of oil from reservoir rocks are surprisingly
inefficient. The proportion of the original oil in place which is extracted can
vary from about 5% to about 90% but the average recovery is not much more
than 309%.

Oil is a vital ingredient in the economy of most nations, and its availability
and price have profound and widespread economic and political impact. The
total quantity available in the earth’s crust, although not exactly known, is
finite, and certainly insufficient to meet the future needs and aspirations of either
consuming or producing nations in the next 50-100 vears.

Some idea of the potential significance of methods aimed at the extraction
of extra oil {(Enhanced Oil Recovery, EOR) can be gained from figures presented
by Geffen (1976). The known oil deposits in the United States, at the beginning
of 1975 totalled 440 x 10° barrels. Of this total, some 106 x 10° barrels (24%)
had already been produced. The reserves which could be produced by conven-
tional methods amounted to 39 x 10° barrels (9%), equivalent to about seven
times the US consumption in 1982. Forty per cent (176 x 10® barrels) were
considered to be irrecoverable by any present or envisaged technologies, leaving
120 x 10° barrels (27%) as the target for enhanced oil recovery techniques. On
a world-wide basis the target for EOR is correspondingly greater, and it has
been calculated that the world’s oil fields contain roughly 1-2 x 102 barrels of
oil with a current value of about US $3-5 x 10'* which is not recoverable by
conventional techniques (V. Moses, personal communication). Engineers have
been working for some years on chemical and physical methods of EOR. So
far, applications have been limited to speciaily favourable circumstances and
results have often been disappointing in terms of the extra oil recovered and
of the economics of the process. An alternative approach is to make use of
micro-organisms, deliberately injected into the oil-bearing rock, to release oil..
Such processes, known as Microbial Enhancement of Oil Recovery (MEQR),
are less well established than the chemical and physical methods, but may have
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special advantages such as low operating costs and, perhaps, improved efficiency,
which would make them especially attractive in the long run (Moses and
Springham, 1982). They form the subject matter of this review.

Conventional procedures for oil recovery

To understand the potential uses of micro-organisms an outline knowledge of
the conventional processes for oil recovery is necessary. A simplified account,
aimed at the microbiologist, has been presented by Moses and Springham (1982)
and a broader account of this and other aspects of the oil industry 1s that by
Stockil (1977).

Crude oil is an extremely complex mixture consisting mainly of alkanes,
cycloalkanes and aromatics. Unsaturated compounds are rare. Sulphur com-
pounds are present, usually in small amounts and there are traces of oxygen,
mtrogen and metal-containing compounds. The specific gravities of crude oils
range from (-78 to 1-0. Viscosities are usually higher than that of water, values
ranging over seven orders of magnitude. Gases, mainly methane, are found in
solution. Oil is believed to have been formed from plant or animal remains
deposited in marine sediments. It is found in porous sandstone or carbonate
rocks having been forced upwards by displacement with water. It is found in
commercially useful quantities only where a layer of impermeable clay or shale,
the cap rock, prevents further upward movement. Water is always present in
the oil-bearing layer {connate water). It often has a high salt content and is
referred to as brine. Frequently a layer of brine underlies the oil.

The reservoir rock can be characterized in terms of two very important
properties: porosity and permeability. The porosity is the proportion of the
rock volume not occupied by rock particles; it defines the maximum quantity
of o1l which a given volume of rock can contain. Permeability, measured in
darcies {d = 1 um?), is a measure of the ease with which a fluid can be forced
through the rock. Permeabihities of reservoir rocks vary from fractions of a
millidarcey up to several darcies. In the former case oil will flow only with great
difficuity.

If a well is drilied into the correct region of a reserveir, oil will be forced into
the well bore by one or more so-called ‘primary mechanisms’. The gas in the
cap {usually under considerable pressure} will expand, gas may come out of
solution from the oil, and water may flow in from surrounding rocks. The
pressure may be sufficient to force oil to the surface as a ‘gusher’ or alternatively
a pump may be used to raise it. Sooner or later the flow of oil due to primary
mechanisms will decrease and secondary recovery will usually be undertaken.
This involves drilling one or more injection wells and pumping in fluid to
maintain pressure or to displace oil directly. Waterflooding is the most common
method of secondary recovery. The extra welis (which may be in a five-spot
pattern usually with four injection wells surrounding one production well, or
may form a more extensive array in a larger field} are drilled down into the
brine layer beneath the oil. Water quality is critical for injection. If the salinity
is unsuitable, clay particles in the reservoir rock may swell and reduce the
permeability. Careful filtration is usually practised to remove organic and
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inorganic materials which might block (‘plug’) the formation, together with
de-aeration to prevent corrosion, and the addition of scale inhibitors, corrosion
inhibitors, and biocides as considered appropriate.

As primary and secondary production proceeds, the oil produced will be
mixed with increasing proportions of water. Production will normally cease,
not because there is no more oil, but because the proportion of 0il is too low
to justify continued operation. We have seen that at this point some two-thirds
of the oil, on average, remains in place: it is now appropriate to consider why
this is so.

In particular fields some oil will be cut off from the wells by impermeable
layers; this can be released only by engineering procedures such as drilling more
wells, and will not be considered further. Some oit will not be displaced because
of the nature of flow patterns of fluids between injection wells and production
wells. Figure /a shows a portion of a reservoir in plan view with injection wells
and production wells. To achieve 100% recovery of the oil, the area enclosed
by the rectangle must be swept by water from the injection well. Figure 1b
shows a more realistic flooding pattern. Water is almost always less viscous

2 ey

Figure 1(a). Part of a reservoir in pian view showing injection wells ( J¥, ) and production wells
(O). The dotted rectangle shows the area which, ideally, should be swept by flow of water from
A to B.

Figure 1(b). Enlarged view of part of the same arca. The shaded area shows a more likely flow
pattern of water between A and B. Waterflooding will not displace oil from outside this zone.
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than the oil it is displacing and takes the easiest path between the two routes
so the swept area i1s only a proportion of the whole. In thick oil-bearing layers,
water tends to slide under the oil instead of displacing it evenly, thus reducing
the sweep efficiency still further. A consideration of Figure ! suggests that it
should be possible to improve the sweep efficiency by drilling more wells; this
15 indeed the case. More oil could be obtained by drilling wells at shorter
intervals but the high cost of drilling largely determines the drilling pattern in
the first instance.

Another departure from the optimum flow pattern s attributable to a process
known as fingering. When a fluid such as water displaces a more viscous fluid
such as oil in a porous matrix, the displacement fronts are highly uneven, with
irreguiar fingers of water extending into the oil region. Once water flows in a
particular zone, the resistance to flow is decreased because of its lower viscosity
and the uneven flow is enhanced. In this way water can reach the production
well at a comparatively early stage. As fingering becomes more severe the
oil/water ratio in the produced fluid will decrease. If the structure of the reservoir
rock is uneven (as it usually is}, fingering will be promoted by preferential flow
in regions of high permeability. Such regions, which may be duc to high
permeability strata such as the Brent Sand layers in many of the North Sea
reservoirs or to rock fractures, are known as thief zones. In extreme cases
preferential flow along thief zones may be so severe that only a smali percentage
of the oil in place is recoverable,

A further mechanismn by which oil 1s cut off occurs on a microscale and
involves the stranding of globules (ganglia) of oil in capillaries by the waterflood.
Figure Iv shows an oll ganglion which has been cut off by water. The pressure
differential across the ganglion tends to move it in the direction of the waterflood
but to pass through the narrow throat of the capillary work must be done to
distort the shape, because the surface area has to increase. With the range of
normal parameters applying during a waterflood, a substantial proportion of
the oil will be permanently cut off in this fashion.
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/

Figure 1(c). Qi globule trapped in a rock pore. The arrow shows the direction of the waterflood
tending to displace the oi globule. In order to escape from the pore the globule must be deformed.
This would increase the oilwater interfacial area and would require work to be done.
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Chemical and physical methods for enhanced oil recovery

Only a brief consideration of non-biclogical methods is appropriate here.
Detailed accounts are available (Groszek, 1977; Stewart, 1977: Stockil, 1977:
Brown, 1979; Van Poollen, 1980; Shah, 1981). The methods fall into four classes:
thermal methods, miscibie displacement, chemical flooding and selective
plugging. Thermal methods raise the temperature of regions of the reservoir by
injection of hot water, steam or other gas or by conducting a combustion in
situ of oil or gas. The principal aim is to reduce oil viscosity.

Miscible displacement methods involve the injection of fluids which are fully
miscible with the oil, thus avoiding many of the difficulties of waterflooding.
Carbon dioxide is a useful displacing fluid. As it dissolves in oil, the oil swelis
and its viscosity is reduced; at high pressures the fluids are fufly miscible. Carbon
dioxide flooding is an attractive method but large quantities of carbon dioxide
are required: estimates range from 112 to 280 m? per barrel of oil (Meyer, 1977;
Shah and Wittmeyer, 1978; Doscher and Kuuskraa, 1979).

In a chemical flood, chemicals are injected with the waterflood to improve
the displacement efficiency. In polymer flooding, a viscous solution of poly-
acrylamide or polysaccharide is introduced as a discrete siug in the waterfloed.
By raising the viscosity of the displacing fiuid to equal or exceed that of the
oil, the mobility ratio and efficiency of displacement can be greatly improved.
Another way of making displacement more efficient is to lower the interfacial
tension between the oil and the displacing fluid by the use of surfactant solutions.
The preferred method is to produce a microemulsion from a mixture of
surfactants {often sulphonated petroleum fractions) together with other com-
ponents such as alcohols, brine and sometimes chelating agents. The aim is to
push an oil-miscible miceliar slug into the oil-bearing region to flush out residual
oil. The displaced oil droplets coalesce to form a continuous layer or oil ‘bank’
which is itself very effective at dislodging more oil. The micellar slug follows
behind the oil bank preventing oil ganglia being left behind. Usually a polymer
will be used in conjunction, to optimize the sweep pattern.

Micellar flooding and pelymer flooding work well on the laboratory scale
but tend to perform less well in the reservoir. Success undoubtedly depends on
choosing the right reservoir and treating it in the optimum manner: the
formulation of the surfactant mix is especially critical. Several difficulties are
peculiar to large-scale operations. Because of the high cost of the chemicals
used they are not injected continuously but as a discrete sfug. Correct function
depends on the integrity of the slug so that piston-like displacement is achieved
and optimum concentration of surfactant is maintained, The stug, however,
tends to disintegrate as it proceeds through the reservoir, due to adsorption,
degradation, precipitation or backmixing of components.

The last method, selective plugging, aims to inject viscous polymers or time-
setting gels into thief zones. Since these zones accept the bulk of the injected
aqueous flow the expectation is that they will be effectively plugged: floodwater
will then be forced into the less permeable regions which will have received
oaly minor amounts of polymer.

Enhanced oil recovery procedures are undoubtedly becoming more effective
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as they become better understood but they are expensive to operate and their
cost-effectiveness can be assessed from the large subsidies paid by the US
Department of Energy to companies using them. Dafter (1980) has reviewed
the prospects for the chemical and physical methods. It should be noted that
in some cases EOR methods are best applied at an early stage.

Microbial enhancement of oil recovery (MEOR)

EARLY EXPERIMENTS ON MEOR

The first suggestion that bacteria might have a useful role in enhanced oil
recovery came from Beckman in 1926. Claude ZoBell followed up the suggestion
with an extensive series of laboratory experiments (see, for example, ZoBell,
1946, 1947a, b, 1953). He used cultures of sulphate-reducing bacterta designated
as Desulfovibrio hydrocarbonoclasticus and D. halohydrocarbonoclasticus, claim-
ing that treatment of oil-bearing formations with bacteria could potentially
release oil by a number of mechanisms. Crude oil hydrocarbons were utilized
by bacteria, leading to the production of carbon dioxide and acids. The acids
reacted with rock carbonates, increasing permeability and producing more
carbon dioxide.

Carbon dioxide, and other gases which might be produced, increased reservoir
pressure and dissolved in the oil, forcing it to swell and reducing its viscosity,
thus aiding displacement. 1t was also reported that the growth of bacteria on
the surface of oil-bearing rocks in contact with nutrient media led to films of
oil forming on the (agueous) liquid surface, and it was suggested that displace-
ment of oil from surfaces by bacterial growth was occurring. Some degree of
oil utilization was reported and it was suggested that oil viscosity fell as a result
of a reduction in the average molecular weight of oif components. The bacteria
were also said to produce surface-active agents, reducing surface tensions from
about 70 to about 30mN/m, thus potentially aiding oil release. MacKenzie
{1952) supported many of ZoBell's claims.

Beck (1947), using similar bacteria, found that utilization of oil was slow, and
was unable to demonstrate enhanced oil release attributable to bacteria in
model systems. Updegraff and Wren (1954), working in consultation with
petroleum engineers, were unable to demonstrate consistent enhancement of
oil release by sulphate-reducing bacteria alone under conditions relevant to
reservoir operations. La Riviére {1955) expressed some reservations about
ZoBell’s conclusions but was able to demonstrate the reduction of surface
tension by a number of bacteria. He pointed out that peptone, used by ZoBelj,
would itself reduce surface tension. On the other hand, Updegraff and Wren
{1953) and Updegraff (1957) patented techniques in which a variety of other
organisms including Escherichia coli, E. freundii, Aerobacter aerogenes and
members of the genera Clostridium and Bacillus or sulphate-reducing bacteria
in conjunction with other types, were claimed to produce significant enhance-
ments of oil release when supplied with carbohydrates and mineral nutrients.
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Possible mechanisms of oil release

The early publications of ZoBell proposed a series of possible mechanisms by
which bacteria might release oil: several more have been added since. Not all
are equally plausible,

Modification of reservoir permeability by acids. Many bacteria certainly
produce acids under anaerobic conditions. Many reservoir rocks consist partly
or entirely of carbonate. Bacterial action may result in dissolution of reservoir
rock carbonate (see for example Yarbrough and Coty, 1983) and changes visible
to the naked eye can be produced in calcite and dolomite cores by bacterial
action (Bubela, 1983a), but it s not obvious that effects on permeability will
necessarily prove favourable. There is a danger that fine particles, released by
acid, might be swept into pore throats resulting in plugging. Extensive dissolution
of a pure carbonate rock would require massive amounts of acid and hence of
substrate. Acid might well preferentially attack the largest channels and there
appear to be signs of this in the photographs presented by Bubela {1983a). This
would increase permeability but would result in bypassing most of the oil. On
the other hand, production of acid resulting in pore enlargement might well be
favourable where the vital region immediately round the injection well has
become partly plugged, and Johnson (1979) appears to have exploited this
possibility.

2. Repressurization by production of carbon dioxide, hydrogen, methane,
nitrogen. This seems a plausible mechanism and many field trials report
pressure increases on bacterial treatment, sometimes of substantial magnitude
and duration. Yarbrough and Coty (1983) reported that Clostridium acefo-
butylicum could generate pressures up to 88 MPa in laboratory culture in the
absence of a gas phase, mainly due to production of hydrogen which has a very
low solubility in water. Carbon dioxide generated from rock carbonate could
contribute to this mechanism.

3. Solution of gases in oil resulting in swelling and decreased viscosity. Gases,
particularly carbon dioxide, dissolve in oil under pressure, reducing its viscosity
and increasing its volume. An increase in volume of sufficient magnitude might
free some oil from ganglia and the effect on oil viscosity might be useful.

4. Reduction of oil viscosity by degradation of large molecules. Singer et al.
(1983) isolated an aerobic organism, designated H13, which reduced the viscosity
of heavy crude by as much as 98%;. Part of this reduction was due to formation
of an oil-water emulsion under the influence of a glycolipid surfactant. The
surfactant alone reduced viscosity by about half, the remaining effect being
apparently due to changes in oil composition, as yet only partly characterized
(Donaldson, 1982). Similar results have been reported by Zhang and Quin
(1983). These reports serve to demonstrate that bacteria can reduce oil viscosity,
apparently by selective degradation as well as by emuision formation, buf as
yet there is no demonstration that this is possible under the anaerobic conditions
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pertaining in the reservoir and the persistent emulsions generated would be
disadvantageous.

5. Reduction of oil-water interfacial tension by surfactants. The introduction
of chemical surfactants into the reservoir together with the waterflood forms
the basis for a well-known EOR technique. The production of surfactants of
different chemical types by a variety of bacteria is well documented. Many of
the cultures used for MEOR operations are reported to reduce the surface
tension of culture broths. However, where interfacial tension measurements
have been reported for bacterial surfactants, the values with one exception fall
far short of that required to effect oil mobilization under reservoir conditions
{see below). The operation of this mechanism is thus hypothetical.

6. Dissolution of oil by solvents e.q. alcohols and ketones. It seems unlikely
that appropriate substances would be produced in high enough concentrations
to dissolve oil but they might act as co-surfactants, modifying the behaviour
of the surfactant itself (see below).

7. Sulphonation of oil by bacteria. Sulphonated petroleum fractions are used
as surfactants for EOR. No evidence exists of bacterial surfactant production
in this way.

8. Displacement of oil from rock surfaces by bacterial growth. Most reservoir
rocks are water-wet. The oil is trapped by pore throats rather than stuck to a
surface. The mechanism might operate in oil-wet rocks.

9. Increase in viscosity of the agueous phase caused by bacterial polymers.
Polymers, mainly of bacterial origin, are already used to increase the viscosity
of injected water. Polymers can be produced under anacrobic conditions (see
below) so it is feasible to consider their production in situ.

10. Selective plugyging of vegions of high permeability.  If permeability variations
are a serious problem this is a highly plausible mechanism. Bacterial cells can
block pores either directly or by producing extracellular slimes (see below).

CONDUCTING MEOR OPERATIONS

As a result of early laboratory experiments a picture emerged on the way in
which an MEOR operation might be conducted in the field. The work of ZoBell
(1946, 1947a, b, 1953) had placed emphasis on sulphate-reducing bacteria and
on utilization of crude oil as a substrate for growth. Later workers had difficulty
in demonstrating oil utilization under anaerobic conditions and sometimes
found that sulphate-reducing bacteria were ineffective at removing oil (Beck,
1947; Updegraff and Wren, 1954} and were likely to cause a variety of problems
{see below). Emphasis therefore shifted to the use of other bacteria, either strict
or facultative anaerobes, and to the provision of a carbohydrate substrate,
usually molasses, or an organic acid such as lactate, for growth together with
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a range of mineral nutrients (Updegraff and Wren, 1953, 1954, 1957). Hitzman
(1962) pointed out that certain problems might arise if vegetative cells, injected
together with nutrients, were used as the inoculum. Growth would begin in the
vicinity of the well where, for geometrical reasons, large volumes of fiuid would
pass through a very small cross-sectional area of rock. Plugging of the formation
at this point by cells or metabolic products (see below) would be particularly
detrimental (Crawford, 1983), whereas the beneficial effects of bacterial growth
and metabolism would be most effective further into the reservoir. Vegetative
cells are susceptible to environmental hazards, such as high shearing forces,
especially in the absence of nutrients, and Hitzman proposed to overcome these
problems by first injecting the inoculum in the form of spores, introducing
nutrients only after the spores had penetrated deep into the formation. He
pointed out that spores penctrated sandpacks more readily than vegetative cells,
an observation confirmed by later reports (e.g. Jang e al., 1983). Later, as an
alternative way of avoiding plugging, he proposed injecting the inoculum into
the brine layer below the oil-bearing formation, the injection well being shut
off from the brine layer. The inoculum would, it was claimed, grow at the
oil-water interface, repressurizing the reservoir by producing methane for a
10-30-year period, but causing no dangers of plugging because bacterial growth
would be outside the main oil-bearing layer (Hitzman, 1965).

Generally, the use of aerobic organisms has not been seriously considered
because of the low oxygen status of reservoirs, because of the difficulties of
introducing large quantities of oxygen without interfering with the waterflood
and because engineers normally go to much trouble and expense to exciude
oxygen to avoid corrosion of metal pipework. However, Jones (1967) proposed
the use of aecrobic bacteria, injected along with oxygen or air, to metabolize oil
hydrocarbons in situ. Fracturing the rock formation to facilitate bacterial
penetration was also proposed.

In many cases MEOR operations have proceeded as part of the waterflooding
operations with nutrients and inoculum injected at one point and oil produced
elsewhere {(water-drive method). Alternatively the *huff-and-puff” method has
been used in which nutrients and inoculum are injected into a well which is
then sealed for a period of months. Oil is produced by opening the weli and
reversing the flow.

POTENTIAL ADVANTAGES OF MEOR

MEOR offers, in principle, three advantages over other EOR systems. It is
cheap, because the main raw material is an inexpensive carbohydrate source
such as molasses, with or without inorganic nutrients. It is further expected
that MEOR might be more effective than some types of EOR operation because
the active materials would be generated throughout the reservoir, and their
effectiveness would not be reduced by adsorption during migration to the site
of action. It is also thought that bacteria, by diffusing out of the main lines of
fluid flow, could mobitize oil in regions not accessibie to other methods. The
latter two advantages have yet to be proved.
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LABORATORY MODELS OF MEOR

The techniques used to study oil release on a laboratory scale are of critical
importance. Maost reservoir rock is water-wettable and the surface is covered
with a layer of water even when oil fills most of the pore-space. Oil is held in
place by surface forces (see later). Thus the displacement of oil from oil-wet
surfaces is not likely to be of importance in most reservoirs.

In order to simulate the porous reservoir for displacement studies, twoe main
devices—sandpacks and cylindrical rock cores—-usually derived from outcrop
rocks, have been used. Sandpacks consist of glass or plastic tubes containing
fine sand or other material such as glass beads. They are easy to make in a
fairly uniform fashion but the grains are not normally fused as with a rock
core, and it can be difficult to obtain permeabilities in the lower range. Yarbrough
{personal communication) has used lucite (perspex) tubes packed with sand and
then heated to fuse the sand to the tube wall in order to prevent edge channelling.
Rock cores have been used in a variety of shapes and sizes. Berea sandstone
has been a favourite material because of its fairly uniform structure and easy
availability in the US in a range of permeabilities. Cylindrical shapes are usually
used with fluid fiow induced across the ends. To prevent the escape of fluids
from along the length, the surfaces can be coated with an epoxy resin or the
core can be sealed in a tightly fitting rubber sleeve (Hassler cell). In the latter
case it is comparatively easy to apply uniform pressure to the core independent
of the pressure differential across the ends. Occasional use has been made of
other materials to simulate porous rock. Thus Bubela (1983a) described the use
of concrete, which can be cast in a wide range of permeabilities, and cores of
sintered alundum have also been used.

In some instances visual monitoring of the progress of an experiment may
be useful. For studies of oil displacement a variety of systems have been devised
in which a thin layer of the porous matrix is sandwiched between sheets of
plastic or glass so that flows of oil and water can be observed directly (Dawe,
personal communication). Similar arrangements have been used for bacterial
experiments by the group at Queen Mary Coliege (Andrew McKay, personal
commuitication) and by Bubela (1983a).

The preparation of cores or sandpacks for an experiment is critical. Several
workers steam-clean outcrop rocks before use to remove humic acids (Hank
Yarbrough, personal communication, Jenneman et al. 1983). Sterilization may
be carried out at this stage but is difficult to achieve. Jenneman et al. {1983)
used a commercial chlorine dioxide preparation. This, they said, reduced the
counts of indigenous bacteria for 24-48 hours but the population became re-
established after this time or upon introducing nutrients. Even after steaming
cores for two weeks, autoclaving for 12 hours and drying at 121°C, variable
numbers of indigenous bacteria remained, presumably due to failure of steam
fully to penetrate the pore structure. Jang et al. (1983) and Jang and Yen (1983)
reported the use of 70% ethanol for sterilization. This, too, is unlikely to have
been fully effective. The use of mercuric chloride or of low temperature to inhibit
bacterial action in controls is not acceptable as both treatments reduce oil
mobility (Davis and Updegraff, 19534).
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Cores or sandpacks are first flooded with water (brine). Vacuum or pressure
infiltration is necessary to get good penetration. Crude oil is then pumped in
until no more water is displaced. In this way the rock surfaces become water-wet
while the capillaries are full of oil as in a reservoir. If water is now injected at
a steady rate, oil will be expelled. It is essential to continue with this process
until no more oil emerges. This represents waterflooding to exhaustion and can
be used both as a control and as a preliminary to bacterial injection. The lack
of an explicit mention that this operation has heen properly performed, makes
it difficult or impossible to evaluate some of the reports in the literature. It is
of no practical use to demonstrate that a bacterial culture (plus the waterflood)
will release a certain percentage of the retained oil if the waterflood alone will
produce as much or more.

Ol released can be measured volumetrically. Jang and Yen (1983) extracted
itinto toluene, evaporated the solvent and determined the oil by weighing. This
seems advantageous if oil is released as an emulsion, as it may be if bacteria
or synthetic surfactants are used, or if the quantities released are small. Small
cores {say 7-5cm x 2:5cm) are frequently used commercially to test the effects
of surfactants or polymers, but larger cores may be useful to facilitate accurate
measurements of released oil and to avoid the possibility of end effects.
Fluctuations in back pressure are almost inevitable: these are easily monitored
by solid-state differential-pressure transducers connected across the column,
Peristaltic pumps are widely available and convenient, but flow rates are very
susceptible to fluctuations in back pressure. Continuous-action motor-driven
syringe pumps are more expensive but can be virtually pulse-free and are much
less sensitive to back pressure. Electronic flow-measuring devices are available
but expensive,

Microbial activities and MEOR

PLUGGING AND PENETRATION OF RESERVOIR ROCK BY BACTERIA

Many authors have described the presence of a wide variety of bacteria in oil
samples, formation rock and produced water. With some justification a range
of undesirable activities has been attributed to bacteria and these include
degradation of oil in reservoirs (Kuznetsov, Ivanov and Lyalikova, 1963;
Anonymous, 1972; Westlake, 1983) the promotion of corrosion {Allred, 1976;
Miller, 1971), souring by the production of H,S, and formation plugging. The
sulphate-reducing bacteria are considered to be especially undesirable {for
general discussions see Beerstecher, 1954; Davis and Updegraff, 1954; Kuznetsov,
Ivanov and Lyalikova, 1963; Davis, 1967; Moses and Springham, 1982).
Pressure maintenance and waterflooding operations involve the injection of
enormous volumes of water into reservoirs, and micro-organisms present in the
water may cause serious plugging problems. Crawford {1983) has calculated the
effects of different degrees of plugging on waterflooding operations. Reservoir
engineers have devised methods of treatment to alleviate this and other problems,
and water treatment prior to injection may involve the use of flocculating agents
to remove solids, de-aeration, addition of biocide to prevent bacterial growth
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on filters, passage through various filters and, finally, the addition of substances
such as oxygen scavengers, corrosion inhibitors, scale inhibitors and biocides.
Two dangers arise in respect of MEOR operations: the suspension of treatment
to permit bacterial inoculation and growth may permit undesirable organisms
to enter, and the inoculum itself may have a detrimental effect.

It is not easy to generalize on the dangers of plugging. Some of the early
work demonstrated that serious plugging of cores could cccur very rapidly
{(Plummer et al., 1944) but the waters used for the study contained a variety of
bacteria, fungi, algae, protozoa, as well as precipitates of calcium carbonate
and metal sulphides. Beck {1947) studied injection waters which had given rise
to plugging problems and noted the presence of a variety of bacteria together
with ferrous sulphide and ferric hydroxide precipitates. He recommended
pretreatment of the water by filtration and the addition of germicides. It is
clearly important to distinguish between plugging caused by ceils and that
caused by metabolic products, and to ask to what extent different types of cells
cause different degrees of plugging, so that bacteria intended for MEOR can
be chosen to eliminate or minimize these problems. Particularly serious problems
are likely to be caused by iron bacteria and sulphate-reducing bacteria producing
ferric hydroxide and ferrous sulphide precipitates respectively, and by slime-
forming organisms; these would normally be avoided in MEOR operations or
used only for special purposes.

Many investigators have used killed or non-growing suspensions of bacteria,
injecting them into a variety of rock cores and measuring the pressure drop as
an index of plugging. In some cases pressure was measured at a serious of points
along the core. There is general agreement that the injection of large volumes
of dense bacterial suspensions produces a progressive reduction in permeability
(Hart, Fekete and Flock, 1960; Kalish et al., 1964; Raleigh and Flock, 1965;
Jenneman er al., 1983). The most severe plugging occurs at, or close to, the
injection face. The greater the concentration of cells injected, the greater the
degree of plugging. There is a concentration effect: a given number of cells
causes more plugging if injected at low concentration than at high concentration
(Hart et al., 1960; Kalish et al., 1964). Kalish et al. (1964) found that permeability
values tended *u stabilize after the injection of large volumes of suspension: the
proportional reductions in permeability at this point were greatest in the
formations of highest permeability. They attributed this to the ability of cells
to penetrate further into the more permeable formations and thus cause plugging
in depth. By contrast Hart, Fekete and Flock (1960) found that in some cases
permeability was reduced almost to zero and were unable to relate permeability
reductions to the initial permeability values of their rock samples. Using different
bacterial species, Kalish et al. (1964) concluded that large cells rause more
plugging than small cells and clumps cause more plugging than single cells.
Jack, Thompson and DiBlasio (1983) isolated an anaercobic rod-shaped isolate
which grew as discrete cells on sucrose medium but as chains on glucose/fructose
medium. The chains were much more effective at plugging than the discrete
cells. Bubela (1983b) found that rod-shaped organisms caused greater plugging
than did cocci and that the plugs are more difficult to shift by the application
of pressure.
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Kalish et al. {1964) found that the adverse effects of bacteria on core
permeability could be overcome readily by increasing the applied pressure,
which increased permeability apparently by dislodging cell plugs, or by acid
treatment followed by reverse flooding. Chlorine treatment is an alternative
{Crawford, 1983). Sharpley (1961) discussed the various problems of plugging
in waterflood operations and specified safe limits for the numbers of bacterial
cells in injection water. The general validity of these limits may be open to
question. Allred (1976), also discussing field operations, suggested that no such
generalizations could be made.

The risks of serious plugging by the inoculum itself do not seem very high.
The cells are an inoculum, not a reagent, and very high numbers should not
be necessary. According to Kalish et al. (1964) the injection of 10! cells of
Pseudomonas aeruginosa into a core of 323md permeability, reduced the
permeability by only about 15% and, even with a 32md core, 5 x 10 cells
reduced the permeability only by about half. The most vulnerable part of the
formation, for geometrical reasons, is the part nearest to the face of the injection
well, but that is the part easiest to clean.

Cells actually growing in the formation are likely to present a more serious
problem (Jenneman er al., 1983). Hitzman (1962) recommended introducing the
bacteria first in the form of spores, nutrient being pumped in later when the
spores had moved into the formation. This suggestion does not seem to have
been followed up in field trials; in most instances the cells and medium are
injected together. Despite this, plugging doecs not seem to have caused any
serious problems. Yarbrough (personal communication} found that injectivity
decreased as a result of inoculation but the effect could be overcome by pumping
instead of letting fluids flow in by gravity.

One would expect that a number of factors might influence the ability to
penetrate and the rates of movement. These include characteristics of the bacteria
such as size, shape, deformability, the nature of the cell surface, whether or not
cells aggregate into chains, production of extracellular slimes, and motility;
reservoir characteristics such as permeability, pore structure, the chemical nature
of the rock, nutrient and salt content of the connate water or waterflood, and
temperature and pressure {which may affect motility) and also the fluid flow
rate and the concentration of cells. Effects of cell size and shape on plugging
have already been mentioned and these factors presumably have equivalent
effects on penetration. Penetration can be studied by total or viable counts on
cells emerging from rock cores or sandpacks, by staining cells and examining
the appearance of rock to detect penetration (Kalish et al., 1964) or by labelling
cells with radioactive isotopes (Myers and McReady, 1965). Springham et al.
(1983) have pointed out the problems which may arise in using 3?P-iabelled
cells due to release of soluble label and to isotope-induced lysis.

Failure of cells to penetrate could be caused by settling of cells out of
suspension, by adsorption to rock surfaces or by sieving. Some idea of the likely
importance of the latter mechanism can be obtained from data on so-called
pore size distribution. This is routinely obtained by forcing mercury into rock
samples and measuring the relationship between applied pressure and the
volume of mercury which penetrates into the rock pores (Ritter and Drake,
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1945). Strictly speaking, it measures the distribution of the constrictions
controlling entry, rather than the pores proper. Burdine, Gournay and Reichertz
{1950), demonstrated a relationship between pore throat size distribution and
the permeability of reservoir rocks. Davis and Updegraff (1934} found that pore
throats must be at least twice the diameter of cocel or short bacilli for cells to
pass through readily and concluded that this would require permeabilities in
excess of 100 md. Several workers have suggested figures in this region as
representing minimum values for MEOR. A summary is given by Moses and
Springham (1982).

Quantitative studies of penetration rates have been made by Yarbrough
(personal communication) who found negative semilogarithmic relationships
between spore numbers and distance moved, using a series of sample points
along the length of sandpacks. Jang et al. (1983), using Pseudomonas putida,
Clostridium sp. and Bacillus subtilis, found that, in general, cells were detectable
in the fluid emerging from their rock cores after one pore volume of fluid had
passed through. For several more pore volumes of fluid, cell concentrations
remained more or less constant at a fraction of the input concentration.
Eventually cell concentrations rose to equal the input level. They interpreted
their data in terms of a deep bed filiration model, calculating the filtration
coefficient {K g} for cells and spores as:

G
In| =%
Ko = Co

L

where C| = initial cell concentration, C; = emerging cell concentration, . =
length of core.

They studied the effects of ions and chelating agents and concluded that, at
low cell concentrations, filtration was mainly due to adsorption on to rock
surfaces. Spores had lower filtration coefficients than cells and the presence
of residual oil lowered the filtration coefficient, suggesting that cells might
penetrate waterflooded reservoirs more readily than most experiments with
rock cores would suggest.

In contrast to the results of Jang er al. (1983), Jenneman et al. (1983), measuring
the emergence of Pseudomonas cells from a rock core, found that the concentra-
tion of cells emerging fluctuated with time, with no discernible pattern. The
cell concentration in the effluent never exceeded 1Y% of the input concentration.
Unfortunately Jang et al. (1983) presented only a generalized curve, and not
the results of individual experiments, so an exact comparison is not possible,

Linear rates of cell movement can be calculated from laboratory data and
the values obtained are not wholly incompatible with MEOR operations, even
where considerable distances are involved between wells (Moses and Springham,
1982). The reports of field trials generally indicate that bacteria can become
distributed fairly rapidly (see the compilation of data presented by Hitzman,
1983) and, subject to the permeability limits mentioned abave, there 1s no sign
so far that penetration is a serious limitation to MEOR.
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SELECTIVE PLUGGING BY BACTERIAL CELLS

Under some circumstances, plugging by bacterial cells may be positively
advantageous. Von Heiningen, Jan de Haan and Jensen (1958) injected cultures
of slime-forming bacteria, together with carbohydrate media, with the deliberate
intention of restricting flow in the more permeable regions of the formation,
thus redistributing the waterflood into the less permeable regions. A similar
rationale lay behind the trial described by Yarbrough and Coty (1983} whe
intended to achieve a similar end by the generation of gas bubbles. Crawford
(1961, 1962} pointed out that the proportional reduction in permeability due
to bacterial cells was greatest in rocks of highest permeability and suggested
that this might result in redistributions of flow in favour of the less permeable
zones.

In some formations, permeability variations can be considerable. Fox (1983)
mentions the problems caused by rapid water movement along the Brent Sands
layers in many of the North Sea fields, Jack, Thompson and DiBlasio {1983)
refer to the problems of the Lloydminster reservoir where bypassing is ex-
acerbated by high oil viscosity, and renewed interest is being shown generally
in selective plugging as a possible MEOR mechanism. Cells actively forming
slime cause very severe plugging, whereas the same cells injected under nutrient
conditions which prevent slime formation have little effect {Jack, Thompson
and DiBlasio, 1983). Injections of cells can thus be made deep into the formation
together with nutrients which do not support slime formation, and followed by
modified nutrient sofutions which promote slime formation and plugging.
Jenneman et al. (1983) used two cores of different permeabilities connected in
parallel, and by injecting cells of Bacillus subtilis followed by nutrients were
able to achieve selective plugging of the more permeable core. Initially, the
low-permeability core had accepted 24% of the liquid flow; after selective
plugging it accepted 90%,.

In my opinion, selective plugging is a mechanism of great potential
importance. Its usefulness will depend on the degree to which plugging can be
confined to the more permeable zones. It may be the case that it will not be
limited to instances where there are obvious and major differences in rock
permeability. It is likely that even rocks whose structure is apparently uniform
have permeability variations on the micro scale. This is suggested by the data
on pore size distribution in reservoir rocks (Burdine, Gournay and Reichertz,
1950) and by the results of Kalish et al. (1964) who examined cores which had
been flushed with suspensions of stained bacteria and noted the very uneven
extent to which cells had penetrated the matrix. It might also account for the
rather surprising fact reported by Myers and McReady (1965) that bacteria
appeared to penetrate cores of very low permeability (<01 md).

Jang and Yen (1983) examined the release of oil from sandpacks which had
been saturated with oil and then waterflooded. A culture of Bacillus subtilis
injected into the rock caused release of about 359% of the residual oil, whereas
sterile medium released only 129, If sterile medium was pumped into a column
after a bacterial inoculum, more oil was released and this coincided with an
mcrease in the pressure drop across the column. From the brief details published,
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selective plugging seems the most likely reason for oil release in this instance.

PRODUCTION OF POLYMERS AND SURFACTANTS

We have seen that polymers and surfactants can play a part either in chemical
or microbial EOR. Where such materials are produced by bacteria they could
either be produced above ground and injected into the reservoir, or the organisms
could be injected to produce them in situ.

The properties required of a polymer for EOR are fairly well understood.
Water viscosity must be increased up to about the same value as that of the
oil being displaced. The solution must be resistant to shear degradation as high
shearing forces are normally experienced when water is injected into the
formation, Shear thinning has the advantage that the viscosity of the aqueous
phase drops (temporarily) on injection. Reservoir brines frequently contain high
concentrations of salts so these must not seriously affect viscosity. The internal
surface area of reservoir rocks 1s enormous: Hesselink and Teeuw (1981) mention
O-1-1-0m?* surface area per gram of sandstone. It is therefore important that
adsorption is minimal. The two polymers most used (by injection from the
surface) are partly hydrolysed polyacrylamides and a polysaccharide, xanthan.
Polyacrylamides are good viscosifiers at low salt concentrations but lose most
of their viscosity above | g/dm? NaCl and are very sensitive to shear degradation.
Xanthan, a bacterial product, is a good viscosifier and is relatively insensitive
to shear degradation and salt content.

Little work has been published on the generation of polysaccharide in situ
as opposed to its injection from the surface. Xanthan itself is synthesized under
aerobic condifions but some polysaccharides such as dextrans and levans can
be produced anaerobically. A valuable body of experience concerning the
selection and strain movement of suitable organisms is available {Sutherland,
1983). Improvements include the selection of high-vield mutants, moedification
of polysaccharide properties, and mutation to eliminate unwanted products.
Successful in siru polysaccharide generation will also require an appropriate
nutrient balance. In general, for good polysaccharide production, carbohydrate
must not be limiting and high carbohydratemnitrogen ratios are generally
favourable. There is some evidence that different limiting nutrients may affect
the precise chemical nature of the product.

Rather less is known in general terms about the factors controlling surfactant
production but it appears that these, too, would probably reguire control of
the nutrient status in the reservoir to achieve high levels of production. The
properties required of a microbial surfactant can also be predicted from a
consideration of oil displacement.

Under normal waterfiooding conditions a farge proportion of the oil is trapped
by capillary (surface) forces, even in regions which are fully swept by the water-
flood. Oil globules which are surrounded by water are unable to move through
constrictions because this would require an increase in the interfacial surface
area as the globule is distorted. If the flow rate of water is made sufficiently
high, the viscous (ftow) force tending to displace oil will overcome the capillary
forces resisting displacement. Taber (1968) and Melrose and Brandner {1974)
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have stressed the utility of a single dimensionless parameter representing the
balance between viscous and capillary forces. The one most frequently used is
the capitlary number;

where uy = water viscosity, Vy = water velocity and ¢ = oil:water interfacial
tension.

After waterflooding, the focal displacement efficiency of oil (in well-swept zones)
is likely to be about 50% and the capillary number about 1078 To exceed
significantly this displacement efficiency, capillary values above 1073 are
required, and to approach 100%, displacement, the capillary number has to be
increased to about 1072 (Shah, 1981). The applied pressure gradient is limited
by the operating equipment and by the need to avoid fracturing the reservoir
rock and cannot be increased to the necessary values (Taber, 1968). Reduction
of the interfacial tension from 30mN/m to 10~ 2 or 107 * mN/m can be achieved
by the use of surfactants, thus increasing the capillary number to the required
value.

Theattainment of ultralow values of interfacial tenston is by ne means straight-
forward. Shah (1981) provides a useful survey of some of the complexities.
Interfacial tension is affected by several factors, including the properties of both
the surfactant and the oil, surfactant concentration, salt concentration, tempera-
ture, and the nature of the cosurfactant. Surfactant formulations for chemical
EOR are thus designed for the specific oil type, salinity and temperature of a
particular reservoir. The surfactant slug injected may contain one or more
surfactants, salt, a cosurfactant such as a short-chain alcohol {which has a
number of desirable effects), a sacrificial agent which will preferentially adsorb
to rock surfaces and minimize loss of the surfactant, and perhaps a chelating
agent to remove ions which may interfere with the surfactant.

The surfactant slug moves through the reservoir displacing trapped oil
droplets which are pushed ahead and merge together to form the so-called “oil
bank’. Formatien and maintenance of an oil bank is considered to be essential
for efficient oil recovery. Displaced oil droplets must coalesce readily so the
interfacial viscosity must be low. The surfactant slug must be of an appropriate
viscosity to minimize fingering, the materials must not be unstable or insoluble
under reservoir conditions, and loss by adsorption on to the enormous rock
surface area must be minimized. Usually a polymer slug will follow the surfactant
flood to optimize the flow pattern. It can be seen that, once ideal conditions
have been achieved in the surfactant slug, there will be a tendency for the
composition to change by adsorption, partitioning and degradation of com-
ponents and for the slug itself to break up. These factors will tend to limit the
efficiency of surfactant flooding operations over any but the shortest distances,

For micro-organisms to release oil by surfactant production requires more
than just production of a surfactant. An effective product must have certain
specific properties, especially the ability to lower oil:water interfacial tension to
1072 or 107*mN/m, and it must be produced in sufficient concentration.
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Cationic surfactants are unlikely to be useful because of adsorption on to
negatively charged rock surfaces, Low values of interfacial viscosity are essential
so that displaced oil ganglia can coalesce to form an oil bank. A wide variety
of surface-active agents is known to be produced by micro-organisms (see Zajic
and Panchal, 1976; Finnerty and Singer, 1983).

Where interfacial tension has been measured, the values have usually been
too high to effect oil mobilization, although it should be remembered that even
the best synthetic surfactants give ultralow interfacial tensions only in the
presence of critical concentrations of salt. Singer et ol {1983) have isolated a
bacterial strain {H13) which produces a glycolipid surfactant when grown
on crude oil. The crude glycolipid solution gave an interfacial tension of
2 x 10”2 mN/m against hexadecane, and Finnerty and Singer (1983) mention a
minimum interfacial tension of less than 10~ *mN/m with 0-5% pentanol as
cosurfactant. The material has apparently not yet been tested for oil mobilization.
As it is reported to stabilize oil-in-water emulsions it would presumably inhibit
oil-bank formation and would therefore not mobilize oil effectively in a con-
ventional recovery procedure.

However, there are recent indications from other sources that microbial
surfactants can give low interfacial tensions and are very effective at mobilizing
oil from sandpacks and rock cores without the addition of cosurfactants. The
latter property would be particularly useful for in situ MEOR as it would
simplify the attainment of critical conditions within the reservoir,

FIELD TRIALS

Over the past 30 years, field trials of MEOR processes have been conducted
in Czechoslovakia, Hungary, Poland, the USSR, Romania, the Netherlands
and the USA. Over 40 separate trials have been reported 1n varying degrees of
detail. The reports are scattered and most are not in English. Moses and
Springham (1982) have discussed the more important trials and Hitzman (1983)
has published a tabulated summary. A single example discussed in detail,
together with briefer consideration of others, will be used to iflustrate the way
in which such trials have been conducted and the difficulties of interpretation
they pose.

In 1954, Coty, Updegraff and Yarbrough conducted one of the first-ever field
trials in Union Country, Arkansas. A detailed account has recently been
presented (Yarbrough and Coty, 1983). The rationale was as follows: it was
intended that the injected bacteria should produce free gas in situ, thereby
blocking the most permeable channels and diverting flow into unswept regions
of the reservoir. It was hoped that generating gas in situ would require much
less energy than forcing in gas from the surface and that the bacteria, because
they could migrate outside the main streamlines, would generate gas and release
otl from areas not accessible to processes operated direct from the surface.

A strain of Clostridium acetobut ylicum was chosen as the test organism because
of its ability to generate hydrogen, carbon dioxide and organic acids under
anaerobic conditions from media containing sugars and mineral salts. Hydrogen
and carbon dioxide were produced in approximately a 1:1 ratio and, in liquid-



Microbiological enhancement of oil recovery 205

filled systems, pressures up to 8-8 MPa could be generated. The organism grew
well at about 40°C and could tolerate high pressures of carbon dioxide as well
as sodium chloride concentrations up to 30 g/dm?>. It was not inhibited by crude
oil and produced no detectable changes in oil properties. Laboratory trials with
sandpacks and rock cores demonstrated its ability to release oil; the most
important variables appeared to be the nature of the rock and the pressure
generated.

The wells chosen were in the Lisbon field, producing from the Nacatoch sand,
a layer about 7m thick at a depth of about 650 m. The formation was loosely
consolidated sand containing about 8% carbonate and with high porosity and
permeability (30%, and up to 57d respectively). Down-hole temperature was
about 34°C and the formation water contained 42 g/dm? sodium chloride. The
temperature was suitable for growth of the test organism, and the high
permeability was expected to permit easy penetration, but the field was far from
ideal in most other respects. Thus the salt content of the formation water was
sufficient to inhibit bacterial growth and the amount of ¢il remaining in the
formation was extremely low. The field had been discovered in 1925, After many
years of primary production, waterflooding was started in 1949. Rock core
samples, taken when extra wells were drilled for the waterflood operation, showed
residual oif saturations of only 599, of the pore space. A single well, No, 30,
was chosen as the injection well for the experiment and well 31, 123 metres to
the south, which had been abandoned but was re-opened for the trial, was used
as the production well.

Waterflooding operations in the field, resulting in a general flow of water
from north to south, continued throughout the trial. It was considered that the
predominant flow of water between the two wells was determined by the main
waterflooding operation rather than by the injections into well 30.

Before the experiment started, water containing 2025 g/dm?® NaCl had been
injected into well 30 to lower the salt concentration n the reservoir. In May
1954, fresh water was injected for two months and in July 1954 the experiment
was siarted by the injection of dense bacterial suspensions, 18 separate batches
totalling 18 m® being injected over a 4-month period. Simultaneously, injection
of beet molasses was started, a concentration of 2% being maintained in the
injection water for 55 months. At first the substrate solution was allowed to
flow in by gravity: later, the resistance to flow increased slightly and a pump
was installed to force the solution into the formation. Samples of gas, water
and oil were taken at intervals from all the production wells in the area.

Fresh water injected at well 30 appeared 70 days later at well 31. From 80
to 90 days after inoculation unti] the termination of sampling in May 1955,
unused sugars, seven different short-chain fatty acids, carbon dioxide and
methane, together with traces of ethanol, butanol and acetone appeared at well
31. The gas produced from well 31 contained 38-82%; carbon dioxide: gas from
wells not affected contained (+3-8-8%. By measuring the '*C:12C ratio of
the carbon dioxide it was estimated that 20% came from acid dissolution
of rock carbonate. Carbon dioxide produced by fermentation was equivalent
to 199 of the sugar injected. The remaining gas produced was mainly methane:
from "*C:'2C ratios it was calculated that 20% of this originated from sugars.
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Virtually no hydrogen was detected. Total acid production was equivalent to
59%; of the sugar injected.

Neither the spectrum nor the ratios of fermentation products were those
expected from a pure Clostridium acetobutylicum fermentation, which would
produce only formic, acetic and butyric acids equivalent to 35-40%, carbon
dioxide equivalent to about 479, and hydrogen equivalent to 2% of the sugar
used, but no methane. This suggests that the bacteria active in the formation
were not exclusively derived from those injected. Bacteria, {(not Clostridium
acetobutylicum) were detected at the production well, but counts were low and
erratic and no correlation with the production of fermentation products could
be made.

The production of oil from well 31 dropped rapidly from 3-5 barrels per day
when it was reopened Lo less than | barrel per day at inoculation {Figure 2).
The dotted line shows the field engineers’ estimate of continued oil production
had no disturbance occurred. Oil production rose sharply, if not steadily, after
July. Water production varied between about 400-500 barrels per day, the
water:oil ratio fluctuating wildly. Yarbrough and Coty (1983) estimated that oil
production from November to May, when measurements terminated, was 250%
more than that projected. No change could be detected in oil properties. Since
the test wells were part of a larger pattern of wells subjected to a major water-
flocding operation, it was vital to decide whether increases in oil production
had occurred at other producing wells. Changes in oil production during the
period of the experiment at the nearest three production weils, nos. 33 and 34
to the south-west and no. 25 to the north-east were monitored. No significant
increases were observed, showing that the increased production at well 31 was
not a result of any general change in that part of the field.

The monitoring of fermentation products showed that, despite the absence
of increased bacterial activity at the production weli, an underground fermenta-
tion had been induced, and all those connected with the trial, both engineers
and microbiologists, seem to have been convinced that a genuine stimulation
of oil production had been obtained.

Two Dutch trials reported by Von Heiningen, Jan de Haan and Jensen (1958)
are of interest because of the explicit intention to enhance oil production by
selective plugging. Few details are provided but Betacoccus dextranicus was
used in one case and a mixture of Leuconostoc mesenteroides, I.. dextranicum,
Bacillus polymyxa and Clostridium gelatinosum was used in the other. Molasses
was the nutrient. An increase in oil production was reported in the first case
and an increase in the oil:water ratio in the second,

Dostalek’s group in Czechostovakia (Dostalek and Spurny, 1957} reported
the isolation of a soil Clostridium which would grow on petroleum, or on
carbohydrate and yeast extract, with the production of large quantities of gas.
Laboratory triais indicated that gas production was the critical factor in releasing
oil. In a series of field trials starting in 1954, cultures of Desulfovibrio and
Pseudomonas were injected together with molasses. Bacterial counts in the
formation water were increased in every case. In three of the seven trials,
increased production of oil was reported. In one case individual wells showed
increases of 12-36% and the whole formation showed an increase of 7%, over
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the 6-month trial. Trials in which either inoculum or molasses were omitted
gave no increases in oil production. In the successful triafs, permeabilities were
in excess of 3d.

A Soviet trial was described by Kusnetsov, Ivanov and Lyalikova (1963). A
mixed inoculum, grown anaercbically on molasses, was injected together with
54m* of 4% molasses solution. The well was closed for 6 months. On reopening,
oil production increased by about 3 tonnes, from 37 to 40t/day. Wellhead
pressure increased and the proportion of co-produced water decreased. Oil
viscosity increased by about 20%,. Four months later, oil production had fallen to
36-5t/day. The brief increase in production cannot have compensated for the loss
during the 6-month shutdown. This trial is chiefly remarkable for the high
productivity of the well chosen. In another Russian trial the inoculum consisted
of a complex mixture of acrobic and anaerobic bacteria {including sulphate-
reducing, denitrifying, putrefactive, butyric acid-producing, and cellulose-
digesting activities), was grown up in oil and formation water and contained
nutrient substances derived from peat and silt but no molasses. In this instance
substantial increases in oil production were recorded, together with a reduction
in oil viscosity, an increase in gas production, changes in gas composition, and
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Figure 2. Production of oil and water from well 31 in the Arkansas field trial. The first bacterial
inoculation was in July, 1954. Reproduced from Yarbrough and Coty (1983). (BBL = barrels).
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an increase in bacterial counts in produced water. Russian workers have shown
some interest in stimulating and controlling the natural population of the
reservoir. This approach would appear to be useful only if the natural population
has properties which can fead to oil mobilization. Particular attention has been
paid to methanogens (Ivanov and Belyaev, 1983).

In a series of trials in Hungary (Jaranyi et al,, 1963; Dienes and Jaranyi, 1973}
the inoculum consisted of mixed cultures of Pseudomonas, Clostridium and
Desulfovibrioc or of mixed sewage sludge cultures containing Desulfovibrio
desulfuricans, and the complex injection protocols invelved the addition of
molasses, potassium nitrate, inorganic phosphate and sucrose. In some cases
the injection well was closed for a period and operated on a huff-and-puff basis.
In others, the injection well remained open, oil being produced from nearby
wells. Sometimes supplementary charges of nutrient were made at a later date.
Among the effects reported were reductions in oil viscosity, reductions in water
pH, increases in gas production, increases in bacterial counts {in one case
60000 m?> of formation was said to be affected). Increases of oil production
varying from 0 to 60%, were reported over periods up to 18 months. In two
trials, the failure to increase oil production was attributed to low permeability
(stated to be 10-70md and ‘low’ respectively) but stimulation of oil production
occurred in one instance where permeabilities as low as 67-104 md were recorded.
One trial is of particular interest; it was performed on a reservoir nearly 2500 m
deep with a temperature of 97°C and pressure of 22-8 MPa. Well spacings
(injection to production) were 300-1700 metres. Increases in the numbers of
Desulfovibrio desulfuricans and of the indigenous population were recorded
throughout the formation, with a decrease in water pH from 9 to 6, a halving
of oil viscosity and a 60%, increase in oil production. This remarkable result
indicates the potential of MEOR techniques even 1 deep hot reservoirs with
widely spaced wells.

The series of trials conducted in Poland from 1961 (Karaskiewicz, 1974)
include relatively detailed documentation. Some twenty wells in sandstone
reservoirs between 500 and 1200m deep were treated. Inocula consisted of
compiex mixtures derived from soil, crude oil, formation water, industrial wastes
and sewage sludge and included strains of Arthrobacter, Clostridium, Myco-
bacterium, Peptococcus and Pseudomonas. Cultures were adapted and tested for
the ability to mobilize oil by methods similar to those described by Lazar
{19834, b} and discussed below. Typically, 500 dm? of culture, containing about
2 x 10" cells, 2 tonnes of molasses, and 50m? of production water were injected
followed by 150 dm? of crude oil and the well was sealed for a period of months.
In each case the injection well was reopened and oil produced from it by ift
pump (i.e. huff-and-puff operation). Data for oil production appear to have been
kept carefully, production being logged every 12h, and detailed records were
available for at least 12 months prior to injection, sometimes for much longer.

In most trials, increases in oil production were reported: often a peak occurred
after reopening, which quickly compensated for the loss during closure.
Enhanced production then continued for periods as long as 9 years at declining
rates. Increases of up to 300%, occurred in some cases after allowing for lost
production, the figures depending very much on the period over which the
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increase is calculated, and the projected oil-production curves used, which
obviously became less reliable the longer the experiment continued. However,
the projections appear to be conservative and the stimulations convincing. Some
trials gave no increase in oil production. Sometimes oil viscosity decreased and
fractional distillations revealed changes in oil composition. Increases in gas
pressure were recorded in some cases. Water pH decreased in most, if not all,
cases.

Bacterial counts increased in every case reported. In some trials, increased
o1l production was alse observed in neighbouring wells. This was interpreted
as a stimulation due to treatment and not to a general improvement due to
other causes. Sometimes bacterial injection was combined with hydraulic
fracturing to increase permeability and it is not always clear how much of a
particular increase in oil production was due to bacterial action and how much
to the fracturing. In one instance, a previous fracturing operation was performed
without effect, suggesting a synergistic effect of the two treatments. An
appreciation of the significance of these results demands a study of the oil-
production graphs and the interested reader is strongly recommended to consult
cither the original monograph (Karasckiewicz, 1974) or the compilation
presented by Hitzman (1983) which reproduces many of the original figures
with English legends.

Lazar (1983a, b} has conducted trials on seven fields in Romania. Increases
in bacterial counts were reported in all cases but only two fields showed overall
increases in oil production, up to 200% increases being obtained for periods of
1-5 years. The successful trials appear to have given very convincing demonstra-
tions of microbial stimulation. Good baselines are available for comparison as
detailed records were kept for 2-3 years before inoculation, Some changes in
oil viscosity, decreases in pH and alterations in composition of produced water
were observed. Lazar regards the unsuccessful results as demonstrating the need
for the correct choice of formation for treatment.

Detailed accounts have been given by Lazar (1983a) of the procedure for
obtaining, adapting, testing and injecting bacterial cultures. His procedure is
developed from those used by the Hungarian and Polish groups. Bacterial
cultures were obtained from a wide variety of sources, the two which proved
bestin laboratory trials being formation water, which contained bacteria adapted
to the reservoir conditions, and the solid sludge resulting from sugar refining,
which contained vigorously fermenting populations. The organisms were
cultured at reservoir temperature in formation water, supplemented with
molasses and in contact with crude oil. The various ‘adapted’ populations which
resulted were then tested in ‘collectors™ these are items of equipment of varying
design in which the ability of growing bacteria to release oil from saturated
sandpacks can be measured. Experience showed that strains isolated in pure
culture released a maximum of 3-3% of the oil; mixtures of pure strains released
up to 14-5%;, whereas undefined but adapted mixed populations released from
18 to 25%;. The best cultures contained predominantly strains of the following
genera: Pseudomonas, Escherichia, Arthrobacter, Mycobacterium, Micrococcus,
Peptococcus, Bacillus and Clostridium.

Recently Johnson (1979} carried out MEOR operations on over 150 wells in
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the United States. His approach was highly empirical, taking the view that field
trials carried out on stripper wells, {those producing less than 10 barrels per
day), are cheaper and more conclusive than laboratory simulations. He used
various Bacillus and Clostridum species. The cultures were mixed with a molasses
solution containing unspecificd minerat nutrients and immediately injected into
the well. About 10-14 days were needed for growth.

Operations were conducted on either a huff-and-puff or a water-drive basis.
Johnson (1979} claimed that, given an appropriate choice of oil type and reservoir
conditions, *an average increase of oil production in excess of 350% may be
expected’ at a cost roughly in the range of 15-30 cents per additional barrel
{1979 prices}). For comparison, at the time of writing (in 1983) the spot price of
Saudi Arabian light crude on the Amsterdam market is US $29-80 per
barrel,

Johnson suggested that several mechanisms could be involved in oil release
according to circumstances. The production of organic acids which react with
reservoir carbonates (and incidentally thus produce more carbon dioxide) was
reckoned to clean up formation damage, i.e. partial plugging in the region of
the well bore. The copious production of gases, especially carbon dioxide and
methane, could increase reservoir pressures and help to force out more oil. A
variety of surfactants could help to reduce oil: water interfacial tension and thus
aid oil release. No data were presented. It seems unlikely that Johnson was
able to make very detailed collections of data either before or after well treatment.
What makes his work particularly impressive is the number of trials carried
out and the fact that he was apparently able to make an overall commercial
success of his operations. This year (1983) Johnson has joined forces with other
workers including Updegraff and the group at QMC Industrial Research Ltd
in London, under the aegis of Petroleum Sciences Inc., to test a variety of newly
isolated strains on twelve wells in Illinois (Anonymous 1983). In this instance
detailed monitoring is being performed and the results are awaited with interest.
It is reported 1n the same source that several other groups in the United States,
including those at Oklahoma State University (E. Grula), the University of
Texas, El Paso (1. Zajic), the University of Caigary, Alberta (T. Jack) and Phillips
Petroleum (J. Norell}, are also planning field trials.

In the earlier Romanian experiments, sources of inorganic nitrogen and
phosphorus were injected together with molasses but Lazar (1983b) remarks
that the mineral supplement was omitted in later trials since laboratory
experiments showed that molasses and formation water provided adequate
mineral nutrition,

About half of the trials reported throughout the world seem to have used
mineral nutrients. Updegraff and Wren {1953) reported deficiencies in phosphate
or nitrogen in many formation waters. Clark, Munnecke and Jenneman (1981),
summarizing a survey in the top ten oil-producing states of the United States,
reported general deficiencies in sulphur, nitrogen and phosphorus. Many
successful trials have been conducted without mineral supplements, and Grula
et al {1983) reported that limestone or sandstone outcrop rock would support
good growth of several clostridia supplied with molasses and ammonia. Analysis
of formation water and molasses is clearly essential before a trial. The ability
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of nutrients to move, in solution, through rocks has been examined by Jang et
al. (1983} and by Jenneman et al. (1983},

GENERAL COMNCLUSIONS FROM FIELD TRIALS

The data which are readily available are imperfect: essential facts on methods
or conditions are frequently omitted; results are often given in vague terms;
sometimes, errors appear to have crept in during translation. The most important
result, namely the extent to which oil production has increased (if at all), is not
easy to decide, even if a full set of data is available, because an adequate control
in the normal sense is difficult or impossible. Although controls are frequently
mentioned in connection with field trials, the term usually refers simply to a
nearby welf. The fact that this is not a control in the normal sense is demonstrated
when an increase in ‘control production’ is accepted as further evidence of the
cffectiveness of the bacterial inoculation. One of the best controls explicitly
mentioned is in the work of Coty, Updegraff and Yarbrough (Yarbrough and
Coty, 1983). Here control wells were chosen aligned fairly closely with the test
wells in the overall waterflood but positioned in such a way that the bacterial
inoculation would not be likely to affect them during the period of the
experiment. The absence of a response in these wells was good evidence against
a significant change in that part of the field generally. Dostalek’s group omitted
either inoculum or molasses in some of their trials and reported no oil
stimulation. The significance of these controls clearly depends on how com-
parable they were with the wells receiving full treatment, since negative results
are not uncommon, even with normal injections,

Generally, stimulations in oil production have to be detected by extrapolating
the oil-production curve forward into the experimental period. In many cases
the results of this exercise show a fairly convincing stimulation of oif production,
but production curves are not straight lines (nor even very smooth curves in
many cases) and the hazards of interpretation must be appreciated. Where
stimulations appear to continue for several years but at a slowly declining rate,
calculation of the enhanced recovery depends critically on the slope of the
projection curve and exact figures become meaningless. One particularly
convincing demonstration of increased production, not yet described in a
published report, arose where a series of injections was made. Oil production
rose for a period of mounths after each injection and then decreased until the
next injection was made.

Changes in flow patterns attributable to events in other parts of the formation,
or even disturbances such as the temporary closing of a well, can affect oil
production and reports of field trials should make it clear that this has not
happened. Where disturbances are inevitable, the possible effects should be
considered carefully. For instance, the author is not aware of any instance
reported in the literature where a well has been capped for a period with no
other treatment, and the results monitored as a prelude to a similar treatment
coupled with bacterial inoculation, although personal conversations make it
clear that this test has, in fact, been made in at least one instance. Hydraulic
fracturing of formation rock has sometimes been practised in conjunction with
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bacterial inoculation, to enhance overall permeability. In one of the Polish field
trials it was reported that, previously, fracturing alone had been compietely
ineffective: more often, the results of the two treatments are indistinguishable.

Despite all these reservations, I am now convinced that genuine
stimulations of oil production have occurred in a number of trials, if not in all
cases where success has been claimed. Many trials were unsuccessful in that no
stimulation of oil production resulted, but no disastrous effects of microbial
inoculation were reported. In one of the Polish trials, slimy oil resulted, but no
serious plugging or decline in oil production seems to have been experienced.
The cynic might suspect that any such event would not quickly find its way
into print.

In most cases it is difficult to draw reliable conclusions about the mechanism
responsible for enhanced production, because cultures are usually chosen on
the basis of empirical criteria. Most authors describe stimulation of bacterial
counts in the reservoirs, encompassing both the strains inoculated and the
indigenous flora. Two conclusions follow: {1) it is not always easy to be sure
that a given effect results solely, or even partly, from the bacteria inoculated;
{2) it may not be easy to produce a bacterial monoculture in the reservoir, and
results therefore may be difficult to predict from laboratory-scale trials.

SPECIAL PROBLEMS OF MEOR OPERATIONS IN DEEP FIELDS

As the shaliower oil fields on the earth’s surface become insufficient to satisfy
demand, increasing attention must be paid to deeper deposits. Temperature
and pressure increase with depth and some of the fields now being exploited
have ambient temperatures and pressures well beyond the limit tolerated by
most forms of life. Thus, in the North Sea fields where formation depths exceed
2000 m, pressures range from 20 to 50 MPa, temperatures from 80° to 110°C
and formation water salinities exceed 30g/dm® dissolved solids (Fox, 1983).
Additional difficulties in the North Sea are attributable to the offshore location,
the depth of the sea {up to 200m} and the bad weather which makes supplying
the platforms, and even access, difficult for much of the vear. The North Sea
fields represent the buik of the known oil deposits in the United Kingdom and
the ambient conditions are by no means unique. As a result of the cost of
drilling, well spacings are in excess of 600m. It is thus of some interest to
consider whether MEOR operations might be feasible in such fields.

The question of whether life was possible at all under these conditions was,
until recently, open to doubt. Most bacteria will tolerate pressures up to 20 MPa
but above this value an increasing proportion become inhibited by pressure,
even when other conditions are optimal (for reviews see ZoBell and Kim, 1972;
Marquis, 1976; Marquis and Matsumura, 1978; Marquis, 1983). Even if growth
is possible, undesirable changes often occur, such as loss of motility (Meganathan
and Marquis, 1973) and a tendency to filamentous growth. High temperature
also prevents growth of most bacteria and, until recently, the highest tempera-
tures reported for growth in culture were about 85°C, although ZoBell (1958)
reported growth of an organism at 104°C and 100 MPa but was unable to
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subculture it. There were signs that growth at up to 100°C occurred in certain
natural environments (Brock, 1967; Bott and Brock, 1969; Brock and Darland,
1970; Brock et al,, 1971, 1972; Jackson, Ramaley and Meinschein, 1973; Tansey
and Brock, 1978). Even if bacteria could grow at teservoir temperatures, the
effect of combinations of different adverse conditions, especially temperature
and pressure {Marquis, 1983}, and the effects of heavy metals (Bubela, 1983b)
are unknown,

Recently, the known limits for growth have been extended substantialiy. Thus
Stetter et al. {1981) isolated a new species of methanogen from an Icelandic hot
spring with an optimum growth temperature of 83°C and a maximum of 97°C.
Shortly afterwards Stetter (1982} reported the isolation, from submarine volcanic
areas, of an organism which required hydrogen, carbon dioxide and elemental
sulphur for growth, generating hydrogen sulphide. This organism had an
optimum growth temperature of 105°C. This year Baross and Deming (1983)
have reported the growth under laboratory conditions of stili more remark-
able organisms which were cultured from submarine volcanic vents at a tem-
perature of 306°C. These organisms grew at temperatures from 100°C at
aimospheric pressure up to 250°C at a pressure of 26:5 MPa. Some care is
necessary when attempting to demonstrate bacterial growth at very high
temperatures as it is easy to obtain misleading results if parts of the apparatus
are below the design temperature. In the three cases mentioned there is no
reason to suspect the validity of the authors’ conclusions.

Thus temperature and pressure alone do not appear to rule out the growth
of bacteria even in the hottest reservoirs, although their effects in combination
with salinity, heavy metals and other oil components are, as yet, unknown.
Little is known about the newly discovered extreme thermophiles and no
information is available to assess their suitabilities for MEOR operations. The
difficulty of access to wells such as those of the North Sea, together with their
wide spacing, give rise to further difficulties. A substrate-fed MEOR operation
would require the provision of substrate at very high rates (because of the high
injection rates) for very long periods. Estimates of the time taken for fluid to
pass from one well to another vary from 5 to 12 years, posing enormous problems
of supply, investment cost and system stability.

There are strong arguments that the only way in which a large-scale MEOR
operation could be conducted would be for crude oil to provide the substrate.
Molecular oxygen is not available in the reservoir, so some other electron
acceptor would be necessary. Moses et al. {1983} described bacterial cultures
which, under strictly anaerobic conditions, grew on crude oil as sole carbon
source in the presence of inorganic nutrients. Growth was measured by increases
in absorbance and protein concentrations: both methanogenic and nitrate-
reducing cultures were described, the latter producing nitrite, molecular nitrogen
and carbon dioxide. Injection of oxygen into the gas phase of nitrate-reducing
cultures completely inhibited gas production, whereas injection of nitrogen
had no detectable effect. Although anaerobic growth at the expense of crude
oil has been demonstrated, the rates of growth were very low, the oil com-
ponents being utilized were unknown, and no thermophilic activity has so
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far been detected. Other workers have also reported signs of anaerobic growth
on hydrocarbons (see Moses and Springham, 1982). When Bubela (1983a)
incubated a bacterial culture with a crude oil sample for 3 months at 60°C
under strictly anaerobic conditions, an increase was found in the asphaltene
fraction. No change was detected in oil samples incubated at 30°C or at 60°C
without bacteria, suggesting that the change was due to anaerobic metabolism
of hydrocarbons.

Much remains to be done for a workable system to be developed and it may
well be that gene manipulation will eventually have a role in transferring essential
attributes into an extreme thermophile. Despite the recent spectacular advances
in gene manipulation, the difficutties of doing this must not be underestimated
since entire pathways rather than single enzymes may need to be transferred,
and the problems of getting mesophilic enzymes to function at high temperatures
(if that should be necessary) have only recently been addressed. However, one
of the Hungarian field trials claimed success under reservoir conditions
remarkably similar to those in the North Sea fields: perhaps the problem is not
as difficult as it seems!

Summary and cenclusions

The plethora of possible mechanisms for oil release has sometimes diverted
attention from the vital necessity to determine which one is operating in a
particular case. The temptation is strong fo inject a mixture of organisms,
offering between them the possibilities of several mechanisms, hoping that one
or more will operate successfully. The author feels that this empirical ‘eye of
newt and toe of frog’ approach must now give way to a determination to define
the specific mechanism which is to function, and its critical parameters.

(Gene manipulation may have a part to play both in increasing product yields
and in producing desirable combinations of propertics in a single strain. The
problems will be much more difficult than those currently being tackled to
produce pharmaceutical products, because the sort of property which may have
to be transferred, e.g. polymer production, surfactant production, is likely to
involve the products of a whole series of genes. Rational manipulation will
require the use of single strains or, at most, of simple, well-defined mixtures,
despite the present advantages which more complex cultures seem to enjoy
(Lazar, 1983a).

For a number of reasons, an MEOR system which has been optimized in
the laboratory may perform in a very different way in the reservoir. It i1s important
to be aware of the problems, although in some cases effective solutions are not
immediately obvious. Indigenous organisms may compete for substrate or, by
supplying metabolic products or removing the products of the inoculum, may
alter the expected metabolic balance. Thus the fermentation balance of
Ruminococcus albus can be altered if the partial pressure of hydrogen is lowered
by growing it together with Vibrio succinogenes, which removes the hydrogen
by oxidation (Thauer, Jungermann and Decker, 1977; Tewes and Thauer, 1980).
Interactions of this general sort could occur in the reservoir and their effects
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would not be easy to predict. Evidence of metabolic interactions between
inoculum and indigenous organisms was presented by Yarbrough and Coty
(1983).

The bacterial population which develops in the reservoir may not be the one
injected. It is certain that any attempt to eliminate indigenous organisms from
the reservoir would be futile since it has proved extremely difficult to sterilize
rock cores in the laboratory, but numbers might be reduced locally by a biocide
injected prior te inoculation. Reservoir populations are likely to have been
selected for their abilitics to survive for long periods rather than for rapid
growth, and the effects of competition could be minimized by using a large
inoculum of organisms with a high maximum growth rate.

Mutation is unlikely to be a problem except where distances between wells
are great and very long periods are involved. The growth of ineffective variants
would be a particular danger if strong selection pressures had been applied to
obtain high-yielding mutants (e.g. surfactant producers) and it will be necessary
to check strains carefully for genetic stability. One favourable aspect arises from
the highly directional flows within the reservoir. Since there is little back-mixing
and cross-mixing, a mutant, unless it arises very early, could affect only a
comparatively small sector of the reservoir.

The provision of nutrients by injection from the surface raises another type
of problem. Before substrate can reach bacteria growing in distant parts of the
formation it must pass through established populations in the vicinity of the
injection well. There is a danger that the latter will grow sufficiently fast to
utilize all the substrate, thus localizing the region of bacterial activity. I
have constructed a simple computer model to predict how subsirate con-
centration, bacterial concentration and growth rate would vary with distance
from the injection well, using a deep-bed filtration equation to describe bacterial
movement and the Monod equation to describe growth rate. The model is still
being checked and refined, but preliminary results indicate that the outcome is
highly dependent on the choice of parameters such as the concentration of
substrate injected, flow rate and bacterial growth rate. According to circum-
stances, growth can occur deep in the formation or it can be confined to a
region close to the injection well. Tt is, of course, only the concentration of the
limiting nutrient component that is critical. Data from field trials should provide
useful information but are not easy to interpret. Thus Yarbrough and Coty
(1983) measured appreciable concentrations of carbohydrate at the production
well, but this does not prove that bacterial growth was possible in this region
because the limiting nutrient was not known. Similarly, where increased numbers
of bacteria are found in parts of the reservoir remote from the injection well it
does not follow that substrate is also present to permit their growth.

The weight of published information suggests that real increases in oil
production can be achieved by MEOR under appropriate circumstances. With
the wide dissemination of information and the considerable research efforts
which have been exerted in recent years, the chances of success in the future
should be greatly improved.

The experience of Johnson (1979) suggests that, with the easiest targets, a
high percentage of success is already attainable, but full exploitation of the
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potentialities requires considerable development work. A high degree of
collaboration between disciplines is required for success: the properties of the
reservoir are defined by geologists, geochemists and geophysicists; extraction
of the oil requires the skills of engineers, chemists and mathematical modellers;
microbiologists and geneticists must provide the organisms and the means of
developing and controlling their activities. All parties involved must be fully
aware of the requirements and limitations imposed by the other disciplines.
Fortunately, the oil industry has a fong experience of interdisciplinary collabora-
Lion.

The enormous potential benefits of MEOR were mentioned in the opening
paragraphs of this review. MEOR is particularly attractive in comparison with
other EOR techniques in that, despite the difficulties and uncertainties, the
operating costs are low. Essentially all the cells and active substances are
generated in the reservoir from relatively cheap raw materials and no expensive
manufacturing facilities are reguired on the surface. The substrates are cheap
sources of carbohydrate and, in some cases, mineral nutrients: if workable
systems can be developed depending on anaerobic hydrocarbon degradation,
no carbohydrate would be needed, although there would be a requirement for
an electron-acceptor such as nitrate.

Almost all MEOR operations so far have been confined to stripper wells, so
success in individual cases has resulted in only small quantities of extra oil
However, there are of the order of 400000 stripper wells in the US alone. In
1981 these produced less than three barrels a day on average but accounted
for about 13% of the UJS production, so the widespread and successful application
of MEOR to these alone would be of some significance. The application of
MEOQOR to more productive reservoirs has to face two sorts of hurdie: the first
is that there may be technical difficulties not yet appreciated; the second is a
matter of credibility and understanding. Many engincers still regard MEOR as
unreliable and potentially harmful. Part of this mistrust will disappear if MEOR
is widely used and regularly successful, but the technique will not take its place
along other EOR techniques until the mechanisms are fully understood and
the processes can, to some degree, be modelled successfully by computer.

The application to really difficult targets, as exemplified by the North Sea
fields, will face the problems of extreme reservoir conditions, widely spaced
wells and difficulty of access together with very high costs of maintaining
equipment in working order. The high temperatures and pressures, although
still serious problems, do not seem as formidable as they did a few years ago,
but the economics and logistics of feeding organic substrates from the surface
in such situations still look intractable. It remains to be seen if rapid anaerobic
growth on crude oil components is possible. A considerable faith in the biological
stability of MEOR systems working over long distances and extended times
will be essential if depleted fields are to be kept operating for the long periods
before results can be expected. It is indeed to be hoped that techniques, under-
standing and confidence develop to the necessary point before too many fields
are finally abandoned.
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