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ABSTRACT

The objective of this research ix 1o find a
cost effective nutrient that will stimulate the
growth of in-situ microbes in Caltex Pacific
Indonesia (CPH il fieldy to create sufficient
biological products to plug high-permeability
reservoir thief zones. If successful, injection
[fleids may be diverted into unswept regicns
of the reservoir, increasing the sweep efficiency
und extending the production life of watered-
out pil fields, This paper describes how a wide
range of nutrients were researched and tested
in the laboratory to achieve the objective. The
primary findings of thix siudy show that several
nutrients were successful ab creating
bioproducts at high temperature, low salintty,
reservoir comditions, and that molasses may be
the maost cost effective nurrient for all three CP1
waterflooded reservoirs tested: Balam Seuth,
Bangko, and Minax fields. Ax a result of this
work, laboratory studies were started to see to
if the microbial growth created in laboratory
test tibey can be recreated within reservoir core
plugy to achieve sufficient permeabiliry
reduction to justify field trial (st The core
[flood process and technigues will be presented

i separate paper-

L INTRODUCTION

Background. Caliex Pacific [ndonesia has many
waterflood projects in different stages of matunty and
s s interested in extending the recovery of these projects
through better control of where the injected water goes.
Minas is CPD's largest mature waterflood field that has
thick producing sands with high heterogeneity and ligh
kv/kh ratio, The high heterogeneity implies thief zones

exist (very high permeability zones compared 1o other
zones) that allow reservoit and injected Duids 1o Mow
very easily und preferentially through them. Since most
of the water injected flows in the high permeability zones,
msst of the oil m these zones will be pushed nto the
producer, while oil in the sther zones will not. Mogeover,
due 1o the uneven velocity of the injection water in the
reservoir, also a function of permeability, early
breakthrough will oceur in the thiel zones. Once this
happens, water production increases very rapidly and
reduces oil movement from other zones,

[solating sones by mechanical methods 15 a commaon
practice to reduce water production.  But, since Minas
has thick sunds, high heterogeneity. und high kvikh rabio,
this method is not very effective. Witer is only diverted
nesar the tnjector, so it will sl flow predominantly trough
the high permeahility sands as it finds new paths away
from the injector and 10 those sands.  The majonty of
the o1l comes from the high permeashility regions with
greatly reduced sweep effectiveness in the lower
permeability sands. Figure | illustrates.

Microbial Enhanced Oil Recovery (MEOR).
Plugeing the thief zones themselves is 2 better wuy 10
reduce the water production and to sweep the remaining
ol in thee medium and low permeability sands. This process
is often called profile modification or profile control
hecnuse it controls in which sands injected waler moves
through. Microbial EOR is a method of profile control
that takes advaninge of the biomass the volume of the
microbes themselves, and the bioproducts: biopolymer
anel wastes, crested by the in-situ microbes, A nutnient
is intjected 1o enable the mictobes w grow and produce
enough biopolymer, wastes, and biomuss 1o plog the high
permeability zones. A multilayer growth of cells which
consists of biopolymers and biomuss produced by the
microorgamsms on @ solid surface is called a biofilm
(Zhong and Islam 1995}, This latter term is thought 1o be
the most effective at reducing permeability however the
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growth of microbes in liguid suspension is thought o work
ms well, The pctual mechanism of permeability reduction
will be studied in future 1ests. Figure 2 shows how the
microhiad profile modification is different from mechamcal
0 lation.

Microbes can be used i a variety of other wiays and
0 the technigue must be designed for the reservoir and
the application. A variation to the pricess shown above
s o imject both nutrient and microbes fnto the fommuation
One application, not considered for the CP study, s
modifying the viscosity of the injected water. Anothe
application, not studied here, is reducing the viscosity
of the crude oil, CPL supported by LEMIGAS (Research
and Development Centre for Chl amd Gus Technology )
his chosen 1o investigate profile modification for some
of its waterllood fields. We are investigating using the
mucrobes found in the formation and injecting nutrienis
i stimulaie their prowih,

Economics. The high price of crude ol and
increasing indusinial capabilities in biotechnoligical
processes have aitracted mierest in using microbes for
enhanced oil recovery. Currently over 1000 oil wells in
the USA are now uiilizing MEOR 1o increase their
production.  This indicates the technical Teasibility of
using microbes

MEOR can compete cconomically with other
enhanced oil recovery techmgues because MEOR does
not require high energy expenditires as in stedm
flooding, nor expensive chemicals as in chemical or
polvmer fosding,  In MEOR, the needed bioproducts
can be created by feeding microbes cheap nsw materials
such molusses. The bacteria simply multiply themselves
without reguiring expensive production processes,

A literature dutnbase was analyzed o determine the
aumber of successful MEOR projects. 1t was concluded
that 7T8% of the MEOR projects were sucoessiul in
reducing the warer production rate and showing an
increase in ol production

An economic evaluation of MEOR was made by
NIPER in the USA at the Mink Unit ol field and the
Phoemx Field m Cklabomea. Tn the study thiat wais misde
fromm 1986 o 1989, microbes were injected with wates
and succeeded in increasing the production by 13%. The
additional cosi of production with MEOR was only LS
%3 24/harrel

A more extensive study was conducted at the
Phoenix field between 1990 1993, [n this case. a [%.6%
ncrease in production was obtained, with additional cost
of production of US $2.33 per barrel. The cost did not
inchode the cost of micmbes and their formulation.

The BOS (Live Oil's Biological Cil Stimulation)
method, which was developed in Australia and
umplemented at various oil felds such as Ninian (Chevron,
North Sea), Koparuk (BP Amoco aid Conoco, Alaska),
Beatrice (BP Amoco, North Sea) and others, had an
estimuted production cost per additional bamel of ol
recovered at US $1.50 - S3.00. The cost included
puirient, rovally pavment, and other commerdial
charges

1. EXPERIMENTAL

Materinls, The matenials, nutrient and supplements,
wsed in the Micrabial Profile Modificaton process ane
an important part of the evaluation. There are many
sources of nutrients such as sucrose, molasses, com
steep liquor, hlack liguor, sovhean whey, tapioca whey.
ete. The combination of nutrient with nitrogen.,
phosphorus, minerals, and protems s called here “the
media " Media were developed by combining different
amounts of the materials required for growth, The
materials were chosen based  on their availability in
Indonesia and cost, Seventeen media were screened
in the laboratory as shown in Table 1.

Microbes, Semi-anserobic microbes, native 1o the
formation waters of three fields in CPL; Balam South,
Bangko, und Minas, were used in this study. These
microhes consist of 3 mixed cultire of varioos bacteria
dominated by the variety known as genera Bacilli
The microbes are already found in the formation; they
grow naturally in the produced water when exposed to
nulrenis,

Nutrient. Microbes require for growth sources ol
the mujor ebements which make up cell material - carbon,
nitrogen, phosphorus, oxyges, sulphus, minor conponenis
such as iron, zine, manganese, and o source of energy
for the symihesis process imvolved in growth. For this
study, the carbon source came from eather of two organic
compounds: sucrose or molasses, Organie fertilizer was
addied as the nitrogen and phosphonus sources

Waier. Formalion wiler vanes among resenirs
win thiks Tactor was considened as well, Water ]'Fl'li'Fltf‘ﬂl.l'-"i
such as salinity, presence of cations, pH. and the
presence and type of bacteria can effect how well the
microbial process performs for profile control. Samples
of both prisluced and injected water were taken from
wevernl wells in each of the three fields and analyred o
ensure that the water could support microbe growth and
that the water properties remained the same within a
field. Aerobic and anacrobic microbes were counted
as well
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Tabile 1
Lizts of Hutrienis
No. | Nutrient ﬂlhm Recommendations qunl;Hl
1. LR 20% ol NB Mo, thi growth 5 not ssgrificant
composition
2 b2 NEB modificalion Mo, Shghtly Increasing viscosily
3 25, molassas + 1% N, the growth s nol signdficant
paplon
4 E 3% molassas ¥You, good for increasing viscosity F
[ k5 | C & N source Ko, Slightly incroasing viscosity
! i, (L] 5% muolasses Ma, the growth &5 nol signdican
T M7 7% muolasses Yes, good for increasing viscosity
B MB 10%% molasses Yes, good for high temperature and increasing viscosity
| Mg 10% molacses + WPK | Yes, good for biopolymer production ;
EOUTCE
10, a0 10% molasses + Mo, decreasing vistomty
' yoast
[ 11, K1 20% molassas Mo, nol usable, because will produce caramiel
12, M2 20% molassns + Mo, not usable, because will produce caramal
supplemant
13 Mi13 7% molnzses + 10% | Yes, incressing viscosily |
N source N
14 M4 T% molasses + 15% | No decre@sng viscosity
C source
15 M15 7" molasses + 10% | Yes increasing viscosity |
M & P source
16 M16 4% 0+ 0,1% N + 2% | Yes, significant growth at high temperature
minaral
i 1T 0.25%, M soufca « 5% | Yes, growth at high temperature
C sounce —
|
Tabile 3
Tabl Composition of Nutrients Tested
£ & 100 ml molasses =
L1 F
Reservolr & Tesl Tempaerature | I basal medm
- L2 | » 10 g N source
ey, [ Temperatu * 5000 source
— “ - J e s ‘ = 20 g minaral
Balam Soush [45°F [« basal medium =
T R Teoaron - * 10 g N source
1 Bangha | @ Y@F = » 10 miC source
| Minas 20T F *  pasal medium
e e ————— L4 * 30 g M source
[ = 20gC souice
; |+ bosaimedum
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M. PROCEINRE

Water Compatibility, The MEOR study began by
sereening the many and various nutrients Tor their
compatibility with the injected water. 110 nutrient formed
particles or precipitated m the field injection water during
the 24 hour test, the nutrient was discarded. This initial
screening was to prevent pluggmg at the wellbare during
medin injection,

Nutrivwd Development, Many tesis were conducted
to determine the best recipe of nutnents and supplements
fior achieving microbial growth and Mopeoduct production.

Thie screening was a 28 day test with measurements
made on doy (0, 3, 6, 12, 20 and 28, The procedure was
(o cultivate the indigenous microbes in o lest whe o
reservoir iemperature (see Table 21 with the test media
and theen to sample the medium on schedule. The medium
for cultivation or incubition consisted of the produced
waler, cride oil, and the media. The media (o be lested
was mised with produced water and crude oil in a
coplainer, sealed, and raised to reservoir conditions. Al
the time intervals given, a small sample was pipetied
and looked at under a microscope. The same tests were
performed for each feld.

Microbe and nutnent performance were gauged by
the microbe population growth using the plate count
method, the increase in viscosity, and changes of scudity
using a pH meter. After the screening studies, the best
performers from the original 17 were each tested further
using the same procedure and measurements but meluded
measuring turbidity by spectrophotometer

Shut=im Tests. When the best nutnent/media recipes
were found by the experiments above, they were tested
agan o determine the optimum growth time wsing the
same procedure but with the additional performance
measures of biopolymer guantity using a gravimetrc
miethond, gel strength and growth curve. Gel strength is
an indication of the strength and stability of the biopolymer
under reservorr conditions, 1t was measured by ndding

Table 4
Optimum Shut-in Time
[P-H-lld L1 [ LE
IE__ms_num _N:rrn-au;ﬁ -9 days
| Bamgho Mol Tested 15 days
L Minas 1 \Gdays | 10days |

B o D

5 mL of the medium into a test be, sealing i, rsmg
the temperatime o reservoir conditions and watching every
few days 1o see if a gel formed.

The tube was tipped on its side and the movement of
the gel was observed and measured. The growth corve
was obtained as before by counting the microbe
population using the plate count method at the end of
each period,

IV, RESULT AND DISCUSSION

The activities of the study consisted of two parts:
namely | Screening and developing the media recipes.
and 2 Measuning the gel strength and growth curves of
the best media o determing the optimum growth Lime,

Witer Compatibility. All nutnents were compatible
with the injected water.

Nutrienl Development. The oltimate purpose of
the nutrienl development expenments wiss W creaic @
media that yielded the optimum biopolymer and biomuss
for plugging thiel zones. 1t was origmally thought thit an
increase in viscosity of the water was a good indication
of topolymer production.  In discussions among
LEMIGAS, CPL and an MEOR consultant, it was
determined thal viscosily incredse wis nol § precursaor
t plugging the high permeable zones and thai rather,
microbial growth and biopolymer production were the
best factors, Only the nutrients from Table 3 that showed
microbe growth were used for further lesting, The three
best nutrients for mcrobe growth were labeled L1, L2,
L3, A fourth nutrient, L4, was a variation on L2, Three
oof the fowar, L1, 1.2 andd L3, went through several variations
in recipe as different experimenis were ran, Table 3
shows the final compesition of the four nutrients, All
four nutrient were tested in every fiekd water.

Two media, L1 and 1.2, gave the best result for
mibcrishe populaton gnowth and biopolymers producton in
the nuirient development tests, Medium Ll used a
molasses-based nutrient snd L2 vsed a sucrose-based
murient. Both media, L1 and L2 were compatible with
all prodoced water samples, Only the L1 and L2 results
will be shown

Numerous indigenoos microbes are capable o
synhesizing a variely of biochemical products in
formation water. The runge of metsbolic products from
microhial growth s very broad, depending on
environmentil condithons (emperture, pH, sulinity, and
the presence or absence of oxygen), supporting nutrients
pvailable for cell membolism (mitrogen, carbon,
phosphorus, mineral, etc.) and the specific bacteria
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interaciing in the formation wister,

One of the hioproducts of the most interest for this
application are hiopolymens. The chemical structures ol
maost of the high mlecular weight polymens prioduced
by microbes hove not been completely defined because
of ther molécular diversity and complexity

The result of biopolyvmer production during 28 davs
incubation with the L1 and 1.2 medio is shown im Fiaure
1. Biopolymer muss i both media increased.  The
production of Mopolvmer is reluted o the growth in
microbial population. The trend of both curves.
biopolymier production and growth, s samelar. The growih
curve in medium L1 s shown in Figure 4 and growth
curve for 1.2 in Figure 5. Note that the formation waler
% given as well

During the growth of the microorganisms in the LI
and L2 media, the pH decreased over time (Figure 61
Microbiul metabolic activity can creale wasies of
byproducts which lower the pH, Nuomerous kinds of
beaciids cun be produced by bacteria, however in this
study. a bioseid product was nol detected. Acidiny was
measured us another sign of microbial activity.

The prosluced water viscosity is shown m Figore 7
The viscosity of produced water was low and remained
stable for the 28 days of incubation in every lest for L1
and L2

Another parameter monitored for microbial activity
was twrbidity.  This parmmeter s used for measunng
baoimuss or particles suspended in the water. From Figune
§. the wirbadity incrensed in both media L1and L2, This
result indicates that additional biomass in the iguid
medium may be availahle for plugging.

Shut-in Experiments. The shul-in experimenis
determined the optimm tme for te micrebes to fomm a
biopolymer which would modify thi injected water profile
The parameters measared Tor the shut-in tests are gel
strengih and growth curve

The result of the gel strength tests was that only the
LEMIGAS medium no 2 (L.2) formed a precipitame with
any strength afer 7 davs. Therefore, the growth curves
were used instesd to determmine the optimum time for
growth. Table 4 shows the shut-in time required for
ML Eniwih

V. CONCLUSIHONS

A system consisting of nutnients, supplements, and
formation water was found which promotes microbial
growth with the sccompany ing production of hopabymier
ond biomuss. The growth occurred under reservoir
conditions in lest twbes but now must be esied for ns
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abality v grow and plug high permesble cores and diven
injected wuter, The sucrse-based nutnent worked best
however it is significantly more expensive than the
molasses-based nutrient,

MEOR appears to be technologically and
economically promising according o the literature
MEOR is easy 1w apply, and generally requimes litthe
misdification of the existing prodoction/mjection facilities
IT it can work i CPL's Delds, o promises o signaficant
improvement in recovery,
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