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PREFACE

An agreement between the Department of Energy of the United States of America and the

Ministry of Energy andMines of the Republic of Venezuela to cooperate in Energy Research and

Development was signed March 6, 1980. The object of cooperation under this DOWMEMV

Agreement was to promote a balanced exchange of energy technologies and to conduct joint

projects in the areas of Petrole~ Solar Energy, Geothermal Energy, Hydroelectric Energy and

coal.

This agreement supported the Agreement for Scientific and Technological Cooperation between

the two countries which was signed by the Secretary of State of the U.S.A. and the Minister of

Foreign Relations of Venezuela on January11, 1980.

The original DOWMEMV Agreement was supplemented by six annexes to describe specifically

the work to be done. Over thepast sixteen years additionalannexeshave been signed, resultingin

a total of seventeen annexes as of March 31, 1996. The Agreement has been extended to

September 8, 1998. The annexesare:

I.

II.

In.

Iv.

v.

VI.

VII.

vm.

Ix.

x.

XI.

XII.

xm.

Xrv.

xv.

Xvi.

XVII.

Characterizationof Heavy Crude Oils.

SupportingResearch in theArea of EnhancedOil Recovery.

Evaluationof Pastand Ongoing Enhanced Oil Recovery Projects in the U.S. and
Venezuela.

EnhancedOil Recovery ThermalProcesses.

Drilling, Coring and Telemetry.

Residual Oil Saturation.

PetroleumProducts, Use and Evaluation.

Coal Preparation,Combustion and Related Technology.

SubsidenceDue to Fluid Withdriiwal.

On-Site Trainingof PetroleumEngineers.

Energy Conservation.

Geochemistry (Oil Generation,Migration and Accumulation).

Microbial EOR.

Exchange of Energy Related Personnel.

Oil Recove~ Informationand Technology Transfer.

Oil andPetrochemicalEcology andEnvironmentalResearch.

Drilling Technology.

. . .
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Each of theseannexes‘hasa document describing the work to be done as partof thecooperation.

Amendments and Extensions to the Annexes areprovided for in the Agreement.

Currently,eight annexes areactive (Annexes I, IV, X, XI, XIV, XV, XVI, and XVII); one annex

is inactive (VIII); and eight annexes have been completed (Annexes m III, V, VI, VII, IX, XII,

and XIII).
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EXECUTIVE SUMMARY

The resultsfrom Annex XIII of the Cooperative Agreement between theUnited States

Departmentof Energy (DOE) and the Ministry of Energy and Mines of theRepublic of ,,-.-
Venezuela (MEMV) have been documented andpublished with many researchersinvolved. /“

Integrate comprehensive researchprograms in the areaof Microbial EnhancedOil Recovery

(MEOR) ranged fimn feasibility laboratory studiesto fill-scale multi-well field pilots. The

objective, to cooperate in a technicalexchange of ideas andinformationwas fully met throughout

thelife of thehnex.

Informationhas been exchanged between the two countriesthroughpublishedreportsand

technicalmeetings between expertsin both country’s researchcommunities.The meetings

occurred every two years in locations coincident with the InternationalMEOR conferences &

workshops sponsored by DOE (June 1990, University of OklahoW, September 1992,

Brookhaveu September 1995, NationalInstituteof Petroleum and EnergyResearch). Reports

andpublications produced duringtheseyears arelisted in Appendix B.

SeveralAnnex managershave guided the exchange throughtheyears. They includedLuis

Vierma, Jose Luis Zirritt,representingMEMV and E. B. Nuckols, EdithAllison, andRhonda

Lindsey, representingthe U.S. DOE. Funding for this areaof researchremained steadyfor a few

yearsbut decreased in recent years. Because both countrieshave reduced researchprogramsin

thisarea,Mure exchanges on this topic will occur throughANNEX XV. Informal networks

establishedbetween researchersthroughthe years should continue to function between individuals

in the two countries.

VENEZUELA

Activities conducted by Venezuelan researchersinclude screeningof reservoirssuitablefor

MEO~ isolation of high temperaturetolerantmicrobes, laboratory studieson promising

microorganisms, and field testsof single well microbial treatmentsfor paraffinremoval.
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THE UNITED STATES

The United StatesDepartmentof Energy sponsored severalNationaland privatelaboratoriesand

universitiesto researchmany areasrelatedto MEOR. It supportedprojects designed to improve

the understandingof growth, mobility, and transportfor a varietyof microorganisms. This

informationwas used to develop applicationsfor use in field wide water flooding, single well

stimulation,profile modification, and wellbore cleanup. Several fieldtests for thevarious

applicationswere supportedand theresultsdocumented.

Researchersin both the Venezuela andUnited Stateshave greatlycontributedto researchefforts

in MEOR. Integratedmulti-disciplinary programs addressed aspects of MEOR ranging from

theoreticalconsideration of the impact of such processes, to actualfield demonstrations. MEOR

involves a variety of processes thatimprove oil production. Work conducted by DOE and

Venezuela have addressedthesedifferentprocesses.

. . .
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I. INTRODUCTION

Mutualinterestin thedevelopmentof microbial methods to enhanceoil production provided the

motivation to create Annex XIII. Interestin applicationsof MEOR field technology increased

significantlysince 1982, when the lower price of crudeoil as well as a more generalacceptance of

use of biotechnological processes probably contributedto this increase. Initially,projects involved

universitiesand governmentlaboratorieswithoutindustryparticipation. Throughoutthenine year

history,researchemphasis shifteddue to industryinfluence, from waterflood enhancementin a

full-field and single-well stimulationto wellbore andnearwellbore cleanup.

Conventional EOR processes rely on alterationof capillary and viscous forces to improve oil

recovery. Chemicals used for EOR include C02, surfactants,polymers, and alcohols.

Microorganisms can produce thesechemicals by fermentinginexpensive raw materials,such as

molasses or fertilizer. chemicals used for EOR mustbe compatible with thephysical and

chemical environments of oil reservoirs.In the use of microorganisms in-situfor EOR, it is

necessaryto use microbial culturesthatcti survive andgrow atthe temperatures,pressures,and

salinitiespresent. For an in-situ MEOR process, themicroorganisms mustnot only survivein the

reservoirenvironment,but also produce the chemicals thatarenecessaty for oil mobilization. The

researchproduced a numberof spinoff technolc@es in waste remediationandrefining stream

improvements.

The resultsnom Annex XIII of the Cooperative Agreement between the United States

Departmentof Energy andthe Venezuela Ministry of Energy and Mines (Appendix A) have been

documented and published by many researchers(Appendix B). Integrated,comprehensive

researchprograms in the areaof MEOR ranged fkomfeasibility laboratory studiesto full-scale

multi-well field pilots. The objective to cooperate in a technicalexchange of ideas andinfomlation

was fidly met. Funding for theresearchwas outlinedin Appendix C.





II. MINISTRY OF ENERGY AND MINES OF THE REPUBLIC OF VENEZUELA

A. INTEVEP. !%A.

1) Microbe Isolation

For the isolationof bacteria,co-produced watersamplesof the oils were takenat thewellhead of

theproducer wells. The sampleswere collected in sterilebottles.

The sampleswere enriched with a basal mineral andmetalsmedium which consisted ofi 2%

Tannersmineralsand 1% Tannersmetals solutions. As carbon sources, different compounds

were examined molasses (2%), root beer (2%), glucose (0,5%), sucrose (0.590) and starch(l%).
All media were preparedanaerobicallyutilizinganatmosphereof C02:N2 (2080) andcisteine-

HCI as a reductiveagent.

The sampleswere incubated atthe temperaturesof each reservoir. Enrichmentsof the reservoirs

GG-2 and C5-VLA-8 were also incubated at thereservoti pressures.For thispurpose the

enrichmentswere incubated in piston-like stainlesssteel cylinders at 1,200 psi underanaerobic

conditions. Samplesof the enrichmentswere takenperiodically to determinegrowth by

absorbency.

2) Growth andMetabolic Products

Despite theharshconditions of the Venezuelan reservoirs (high temperatureandpressure),

bacteriawere found in the threereservoirs studies. In general,all the carbohydratesused

stimulatedgrowth of the indigenous bacteria. The best growth was obtained with sucrose and

starchfor thereservoir GG-2, with molasses for C5-VLA-8 and glucose for reservoirLL-3.

These observations suggested thatevery reservoirhas its own type of microbiota. Microscopic

observations showed the same result. In the C5-VLA-8 reservoir only one type of morphology

was observed bacilli-like, singles or in pairs, covered by a transparentfilm. Duringthe stationary

phasethebacilli turnedinto cocoid-like. In theGC-2 reservoirthemicrobial diversityincreased

includingcocoid, cocobacilli, large andthinbacilli andalso, but in less number,thebacilli-like with

transparentfilm previously observed. The LL-3 reservoirhas a largerdiversity due to the lower

temperature.

The rateof bacterialgrowth is slightly differentfor the threereservoirs,but themaximum growth

achieved was similarfor all of them, suggestingthateach type of microorganism is adaptedto

LOCAL reservoirconditions.



The studiesrevealed thatpressureaffects the growth of the microorganisms. Bacteriaof each

reservoirgrew more rapidly athigh pressure, suggestingthatthe enzymatic complexes adapted

well to high pressures. The stationaryphase is achieved more rapidly andthe biomass after7 days

decreases30-35% with respect to the enrichmentsincubated at atmosphericpressure. Studies

performed with barotolerantmicrmrganisms suggest thatthese changes in biomass aredue to
changes in pH. In enrichmentsincubated underpressurethe volubilityof theC02 increases, this

produces carbonic acid which lowers the pH in thebroth, creatinglimitingconditions for growth.

Metabolizesproduced were identified by GC andHPLC. Organic acids like acetic, butyric and
valeric were detected; alcohol like ethanol and butanolwere also detected. Gases like C02, H2 and

CH4 were also produced, increasingthe pressureinside thebottles by 98%.

There were no changes in the viscosity on the surfacetension in any otherenrichments,

suggestingno production of biopolymers or surfactants.

3) Coreflood Disdacements: In-Situ Processes

Coreflood experimentsinjecting the indigenous bacteriafrom each reservoirwere performed in

Berea sandstonecores withresidualcrude oil. These experimentswere conducted in thepresence

of residualoil and underthereservoir conditions of each case. The testswere performed on linear

displacementequipment which consisted of a stainlesssteel coreholder, a pumping systerQand a

production fluid recollection system.

In all cases live bacteriawere collected tim theeffluents, suggestingthattheinjected bacteria

stayedalive inside the core and were transportedthroughtheporous media. Oil recovered for the

LL-3 and C5-VLA-8 runswas negligible, and only 10$10of the residualoil was recovered in the

GO-2 reservoir test.

The Berea core treatedwith the microbes from reservoir GG-2, showed changes in its nettability;

initiallythe core was highly waterweb changingto neutralafterthe treatment.Possibly, the fatty

acidsproduced by thesebacteria,andthe Iipopolysacharidesffom thebacterialmembranes

contributedto this change in nettability. Nevertheless,it is known thatintermediateor neutral

nettability favors oil recovery by water injection. Changesin nettability have been observed by

otherresearchers. Therefore, the 10% residualoil recovered was attributedto these changes in

nettability and also to a high volume of gas produced.

The studiesperformed in theVenezuelan reservoir samplesrevealed thepresence of

autochthonousmicroorganisms atextreme conditions of pressureand temperature,with a low
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concentrationof nutrientsandunder an anaerobicenvironment.These conditions arelimitingfor

the diversityof microorganisms, thus it is less probable to find organismscapable of producing

surfactantsor polymers, which aremetabolizesvery importantfor tertiaryofl recovery.

4) Coreflood Dimlacements: ex situ Processes

Due to the low residualoil recoveries in the coreflood experimentsusingthe autochthonous

microorganisms, metabolizesproduced ex-situ were also evaluatedin the sametype of

experiments. In this case themicroorganisms were grown in flasks outside theporous media.

After growth was achieved thebroth was centrifugedandthe cell-free brothwas injected into the

Berea cores.

A surfactantproducer microorganism isolated from soil contaminatedwithcrude oil was used to

produce the broth. The microbial sample was enrichedwith a mineralmedium and crude oil as the

sole carbon source. From the enrichrnen~only one strainof bacteriawas isolated,which belonged

to the generaPseudomonas, species Ps. Fluorescent.

Different carbon sources were evaluatedto determinewhich gave thebest surfactantproduction.

The carbon sources evaluatedwertx glucose (0.5%), vegetable oil (0.5%), andkerosene (0.5%).

After 7 days of incubation,cells were eliminatedby centrifugation,andthesupernatant(cell-fke

broth) was evaluated. It was found thatthe bacteriaproduced surfactantwithboth carbohydrates

andhydrocarbons. After purifying the active compound andfollowing theprocedures established

in the literature,threeto four times more surfactantwas produced in glucose thatin kerosene and

in vegetable oil, respectively. Similarresultshave been reportedin the literature.

The behavior of the interracialtension of thecell-free brothwas evaluatedas a function of

variationsin pH, ionic forces and co-surfactant (alcohol). It was found thatbutanolat0.5% lowers

the interracialtension by one order of magnitude(0.05 rnN/m). In the sameway, afteradjusting

thepH of thecell-ilee broth to 5, interracialtinsion is lowered one order of magnitudedown to

0.04 mN/m. The variationof the ionic force did not appearto change thebehavior in interracial

tension. Coreflood experimentswere performed with the cell-free broth on Berea cores andnon-

consolidated cores, underreservoirconditions of theLL-3 reservoir. After leaving the cores under

residualoil conditions, 2 pore volumes of the cell-free broth atpH 5 was injected. The cores were

closed for 24 hours, andthenwaterwas injected to recover thereleasedresidualoil. All the

experimentswere cmried out at60°C, pressureof 500 psi and aninjection velocity of 1.2 footklay

(0.086 cc/rein). The resultsshowed recoveries between 19 and 21% of theresidualoil. These

recovery values are superiorto those reportedusing Buciks lichenifomzis which were 7-16% of
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residualcrude oil in Berea sandstones. Field applicationsof biosurfactantinjection have not been

performed to date,because of thehigh cost associatedwith purification. Jnthis studyandin other

similarones, the cell-free broth helps to recover residualoil without any need of purifying the

activeagent

5) SimdeWell Microbial Stimulation:LL-3 Reservoir

Microbial well stimulationwas performed in 16 wells which belong to LAGOVEN, S.A. The

wells injected areoffshore and located in the LL-3 reservoir,north-eastof Lake Maracaibo.

The LL-3 reservoir has an averagedepthof 3,500’. Temperaturearound 140%?, a pressureof

500 psi and it is a Miocene formation. The oil produced by the treatedwells has an API gravity

thatrangesfkom 15 to 27. Tl@sreservoirwas selected because it is highly depleted and has been

waterflooded for a long time.

The microorganisms used in thisreservoirwere supplied by Micro-Bac International,Inc. The

microbiological product called Para-Bacis designed to produce mostly fattyacids, gases, alcohol

and suxfactants.All thesemetabolizesarewell known to enhance oil recovery.

This product was evaluatedat the laboratoriesof INTEVEP, S.A., and it was found thatthe

“cocktail” consists mostly of bacteriaof the type Acinetobacter and Pseudomonas. It was also

found thattheproduct was able to degradeparaffim of the LL-3 oil underaerobic and anaerobic

conditions, and also reduced the interracialtension from 17 mN/m (crude oil+ distilledwater), to

0.7 mN/m.

The well treatmentprocess consisted of iqjecting 600 barrelsof waterfrom the Lake (previously

treatedwith biocide), blended with 110 gallons of Para-Bac and 55 gallons of Corroso-Bac. The

solution was injected directly to thewellhead. The wells were thenshut-infor 7 days.

The first group of treatmentswas performed in November 1993, in 5 wells, a second group of

treatmentswas performed on threeadditionalwells and in two wells thatwere previously treatedin

November. A thirdtreatmentwas performed in 7 new wells in February 1995. Finally, a fourth

but different type of treatmentwas performed in one well, where theproduct was not injected after

being diluted in water. In this case the microorganisms were blended with sand and oil, which

was used to do a sand squeeze in thewell.

Out of the 16 wells injected, 12 wells had good production results,representinga 7590 success.

Table 1 and 2 show theproductionresultsof 11 wells treated presentedas the additionaloil gained
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in each well with respectto theproductionprediction calculatedflom the decline curves, if no

treatmentwas done. The restof thewells arenot presente~ because due to operationalchanges,

theproductivityvariationscannotbe attributedonly to the microbial treatments.Each treatment

has a cost per well of $10,000 including thecost of the offshore injection barge which represents

half of the expenses.

TABLE 1. NINE MONTHS PRODUCTION (BPD)
) (

WELL STTMUL. PROD. PROD. DECLINE ADIC. OIL

PB-465 44,640 49,946 -5,306

T~-788 12,090 8,169 3,921

TJ-173 45,600 21,149 24,451

LR-246 41,310 19,509 21,801

LR-278 33.060 31.538 1.522

PB-41O 10,860 510 10,350

TOTAL 187~60 130,821 56,739

Monthly Average 3305 2,423 1,051

I (per well) I I I I

TABLE 2. TWENTY MONTHS PRODUCTION (BPD)

WELL STIMUL. PROD. PROD. DECLINE ADIC. OIL

PB-295 47,790 18,479 29,311

PB-288 71.250 61.555 9.695

i
PB-253 I 71,580 I 25,873 45,707 I

I PB-234 . I 101,820 I 63,114 ! 38,706 I
I PB-472 I 58.020 I 19.960 I 38.060 I

TOTAL 350,460 188,981 161,479

Monthly Average 3505 1,890 1,615

(per well)



Five wells on production for 20 monthshave produced in average 1,615 barrels/month/well of

additionaloil for a totalof 161,479 Bbl. representingan 85% incrementin oil production. Six

wells on production for 9 months have produced an average of 1,050 barrels/month/well of

additionaloil for a totalof 56,739 Bbl. This representsan incrementof 43%. To have an idea of

the attractivenessof implementingthe single well stimulationtreatmentsin thisfield it is

importantto establishthattheproduced oil has a marketvalue of $14.50/Barrel (February, 1996).

6) ParaffinControl in La Concencion Field Using Microormmisms

Throughoutthe production history of La Conception Fiel~ paraflin deposition has been one of

themainproblems responsible for frequentplugging of theproduction lines atthe surface andthe

productiontubing in thewells. Pump rod failureis anotherproblem also caused by the increased

fiction due to thepresence and accumulationof paraffin in these wells.

In thepas~ efforts to control thisproblem only consisted of cleaning procedures ratherthan

depositionprevention methods with more lastingresults. Circulatingsteamthroughthe annulus

has been used to heatthe tubing in order to dissolve the p- depositions. Also the injection of

solventshas been used for the same purpose andwith the same localized andtemporary effects as

steam. The most common treatmentusedis themechanical cleaning of thetubing. Nevertheless,

thiscleaningprocedure is also temporaryandits applicationneeds the pulling out of the production

string.

The use of microorganisms has been proposed to clean andpreventthe deposition of paraffim.

In order to testthis process, seven producer wells of La Conception field with severe paraffin

deposition problems were inoculated with microbes every two weeks for 10 months. The

microbes used were suppliedby Micro-Bac International,Inc. which were specified to produce .

bio-surfactantsthatcould keep the heavy molecular weight pamffins in suspensio% and which

could also selectively metabolize certainn-alkaneheavy fractionsof the oil to reduce the average

molecular weight of theoil. Results arenot availableat the time of thisreport.
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III. U.S. DEPARTMENT OF ENERGY

A. National Institute for Petroleum and Ener~ Research (NIPER)

1) Databases

Bryantand Burchfield (1989) publishedan overview of MEOR technology. Since thattime, data

from some MEOR field trialshave now been made public by researchersfrom countries such as

the USSR, Germany, Romania, and China. Reports from some of these field trialswere published

in the Pmceedks: The 5th InternationalMEOR Conference.

NIPER has continuedto maintaina database on all availableinformationregardingMEOR field

testsin the United Statesand in othercountries. The U.S. DOE Reservoir Data Base (public copy)

was used to screen severaloil-producing U.S. statesfor reservoirswith original oil in place greater

that20 mill.ioribbl thatsatisfythefollowing criteria injected andconnatewatersalinitiesless that

150,000 ppm, rock permeabilitygreaterthan50 rnillidarcies,depthless than7,700 ft. and a

bottomhole temperaturelimitationof about 80° C. Table 3 shows thenumber of reservoirsthat

satisfiedtheseparameters,and a graphof thepercent of reservoirsin each statethatsatisfiedthese

limitingcriteria,andthe total, is shown in Figure 1.

TABLE 3. NUMBER OF RESERVOIRS BY STATE WITH POTENTIAL FOR

MEOR TECHNOLOGY— ——

state Total nO.of No. of -rVOiI’S %

reservoirs that fit the criteria

OK 107 32 30

TX 685 233 34

LA 195 77 40

KS 44 22 50

CA 197 122 62

co 40 29 73

MS 49 20 41

NM 71 5 7

71 34 48

IL 46 34 74

(AVG) 46
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FIGURE 1. PERCENT OF RESERVOIRS IN EACH STATE

t

J

OK TX I.AKSC4COMSNMWY il.

STATE

2) Biotechnolo w for Conformance Control

Applying permeabilitymodification treatmentscan significantlyextend theproductive lives of

active oil recovery projects. Improved effective modification of reservoir sweep can improve the

economics of anoil recovery process. These permeabilitymodification treatmentscan extendthe

productive lives of active recovery projects, curtailkg the prospect of prematureabandonment

Currentstate-of-the-arttechnology in thisareauses cross linked polymer technology to alleviate

problems associatedwith reservoirheterogeneity. Treatmentsin both injection andproduction

wells have been applied, with about a 50 percentchance of success. Limitationsof technology are

being addressedby continued researchefforts in the area,but many of the currentapplicationsstill
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rely on the use of cross linking agentsthatmay pose an environmentalhazard. Development of

alternativemethods using biotechnolo~q for permeabilitymodification was initiated. A small

improvement in volumetric sweep efficiency such as offered throughthe microbial-based

processes can have a significantimpacton the overall efficiency andeconomics of anoil recovery

process.

3) SimzleWell Microbial Stimulation

NIPER is conducting supportingresearchon the development of improved microbial methods

for thecontrol, trea@nentandpreventianof formation damages attributedto paraflin and

asphaltenedeposition. Research is being conducted to determineif laboratoryobservationsof the

microbial treatmentmethods can be adaptedto field situations. It is anticipatedthatdifferent

treatmentprotocols will be developed for wells having differentproblems as defined by laboratory

observations and analyses.

A single well stimulationfieldtest was conducted in 1994. Monitoring andevaluationof the

threemicrobial single-well stimulationtests conducted to make a systematiccomparison of

treatmentsandnutrientswas completed. The threeproduction wells are located in Creek County,

OK. Well #45-9 was injected with molasses and an adaptedmicrobial formulation from 13DM-

Oklahoma’s laboratory. Well #12-6 was injected with molasses as a nutrientcontrol. Well #15-4

was injected with inorganic nutrients.The wells were shutin for one week thenputback on

production. Barrel testingfor oil/water ratios and samplingof theproduced fluids was started24

hours afterthe wells were put back on production. Sampling andbarreltestingwere done on a

weekly basis for eight weeks. Samples”wereanalyzed for microbial counts, SRB, molasses

concentration,pH, andTDS. Results indicate #5-9, treatedwith NIPERs microbial formulation,

was the only well thatwas favorably affected by the stimulationtreatments.The microbial

formulationeffectively cleaned out thenear-wellboreregio~ andin~ased therelativepermeability

to water. Since thesewells were placed back on waterflood, themicrobial formulationwas then

essentiallyflushed oug which limitedthe effect of the stimulation. The other two wells showed no

oil production responseto being treatedwith nutrients.

4) Wellbore Cleamm

A projectnot completed atthe time of thisreportprovides a laboratoryandfieldtest programthat

will demonstratea cost effective biotreatmenttechnology to preventandremove well damaging

agentssuch as paraffin,H2S/FeS, andscale. The biotreatrnenttechnology is based on the

beneficial stimulationof theindigenousmicrobial populationsby additionof alternatedelectron

acceptor chemicals which favorably altersthereservoirecology. Field dataand well responseto



treatmentwill be collected andreported. All informationandresultswill be presentedfor

technology transferto the oil industry. Fieldtests will emphasizeeffective low cost treatmentsto

preventtheprematureabandonmentof problem wells. Apart of the project work is being

performed under subcontractby Gee-Microbial Technologies, Inc. (GMT) of Ochelata,

Oklahoma. Wells included in the fieldtest will be in the Permianbasin of West Texas, and

independentleases in Kansas, Oklahoma, and the on-shore Gulf Coast areaof Texas.

5) Simulation

Methodology development for applying microbial technology for improving oil recovery requires

an integratedlaboratory andfield researcheffort to identify and understandthe mechanismsof oil

recovery, to determinetherelativeimportance of thesemechanismsin oil-mobilization by

laboratcxyexperimentation,to develop mathematicalcorrelationsandmodels to describe the

physical phenomena, andto develop and apply a mathematicalcomputer reservoir simulatorto

matchlaboratorycoreflooding resultsand ultimatelymatch andpredict oil recovery performancein

field applications. Although several attemptshave been made to modify existing reservoir

simulatorsto describ; microbial processes, no model hasyet fully incorporated all of the complex

phenomenathatarebelieved to be important. NIPER developed a three-dimensional,three-phase,

multiple-component numericalmodel to describe the microbial transportphenomena in porous

media (Bryantet al., 1990). Unfortunately,a number of theparametersrequired to validatethe

simulatorarenot readily available. An experimentalprogramto provide these parameters,to test

the simulatoragainstcoreflood andfieldtests, andto improve thevarious mathematical

representationsof physical andbiological phenomena included in the simulatorcontinuesat

NIPER.

6) Field Research

To determinethe feasibility of improving oil recovery andtheeconomics of microbial enhanced

waterflooding in matureoil wells in the United States,two field pilots were conducted. A specific

microbial formulation was selected thatwas compatible with thechosen reservoir environmentand

had been shown to recover oil afterwater flooding Berea sandstoneandfield core. The microbial

formulation was designed to improve microscopic oil displacementefficiency by surfactan~gas

and acid production from fermentationof molasses. A 20-acre pilot testwas initiatedin October

1986 and completed in December 1989. Results from thispoint demonstratedthat

microorganisms could be injected into an ongoing waterflood and thatsuch injection could

increasethe oil production rateby at least 1370. A largertest(380 producing acres) was completed

in the sameformation to evaluatethe feasibility of commercial applicationof the technology. This
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field pilot was injected with microorganisms andmolasses from a centmlized injection stationin

June 1990. Although microorganisms were injected only once, nutrientinjection continued

throughoutthe project life. All 19 injection wells were treated,andoil production was monitored

fkom the47 production wells. Treatmentswere similarto procedures for the field pilot

demonstration. No operationalproblems were encountered. At the end of May 1993, the oil

production ratewas improved by ahnost 20%. The patentresultingfrom thiswork will likely be

commercialized.

B. University of Oklahoma

1) Microbial Stimulationin-situ in Hvper SalineReservoirs

A multi-well, microbially enhancedoil recovery field pilot was conducted in the SoutheastVassar

Vertz SandUnit in Payne County, Oklahoma. The primarypurpose of thepilot was to determine

whetherin-situ microbial processes could preferentiallyplug high permeabilityzones, andthereby

improve sweep efficiency.

Studieswere performed to determinethe reservoirchemistry, the types of indigenous microbial

populations,and thegeological andpetrophysicalpropertiesof thereservoir. Laboratory

experimentsshowed thata molasses-nitrate-basednutrientmixtureresultedin large increasesin

microbial growth and gas production withoutstimulatingthedetrimentalactivitiesof suEate-

reducingbacteria. A specific pilot areabehindan active line of injectorswas selected. A tracertest

identifieda large waterchannelthatcause communicationbetween the injector andtherestof the

reservoir. press~ interferencetestsshowed significantpermeabilityvariationsbetween the

injector andproduction wells withinthepilot area.

No oil was recovered in any of the threeproduction wells after six monthsof operation prior to

theinitiationof themicrobial pilot. Surfacefacilitieswere designed andinstalled. Injection

protocols of bulk nutrientswere developed to facilitateuniform distributionof nutrientswithinthe

pilot area. By the end of December 1991,82,5 tons (75 tonnes) of nutrientshad been injected into

thereservoir.

Nutrientinjection stimulatedmicrobial activityin thereservoiras evidenced by anincreasein the

Wcalinityof the produced fluids. h-situ growth and activityof microorganismsresultedin tertiary

oil recovery. Two of the wells produced about one half to one barrelof oil per day afternutrient

injection. A totalof 82.5 barrelsof tertiaryoil was recovered. After nutrientinjection, the interwell

pressureinterferencetestsshowed thatthe significantpermeabilityreductionsoccurred, andthat

the interwellpcmneabilitieswere made more uniform after in-situ microbial growth. A second

tracertestshowed thatthe major waterchannelwas blocked. This studyshowed thata microbial
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plugging process is technicallyfeasible underactualreservoirconditions and thatthe stimulationof

denitrifyingbacteriaby nitrateadditionwill control souring.

2) MEOR in Carbonate Reservoirs

About one-half of the world’s oil supply is produced ffom carbonatereservoirs. A review of the

literatureindicatedthattwo common microbial activities,acid andgas production, may provide

useful mechanisms for microbially enhanced oil recovery from carbonatereservoirs. Analysis of

reservoirdatafrom 10 statesshowed thatover 7,790 of the 19,297 carbonatereservoirs in the

databasehad environmentalconditions favomble for in-situmicrobial growth and activity.

Studieson the ecology of four carbonatereservoirs showed thateach contained a small but

metabolically diverse population of mesophilic microorganisms. The low population levels were

due to the lack of availablenitrogen,phosphate, andprobably energy sources. However, the

numbersof microorganisms were sufficient to support in-situ microbial processes without the

need to inject cells into thereservoir. Microorganisms had predictableeffects on thepermeability

andporosity of sandstoneand limestone cores. Microbial growth andbiomass production resulted

in a decreasein thepermeability andporosily of sandstonecores. Polymer-producing

microorganisms also lowered thepermeability and porosity of limestone cores. However,

vigorous acid and gas production increased thepermeability andporosity of limestone cores,

probably by thedissolution of the carbonatematrix. In one case, an acid producing

microorganismpenetrateda core in two weeks into which fluids could not be injected. Recovery

of residualoil by microorganisms was demonstratedin four systemspacked with chips of

carbonaterocks. Residual oil was recovered only aftermicrobial growth and activityoccurred. The

largestamountof residualoil recovery occurred when these systemswere inoculated with

biosurfactant-producingor a vigorous acid-producing bacterium. A first generationmathematical ‘

model was developed thatincorporatedthe effect of add and gas production on the carbonate

matrixinto a mathematicalmodel developed for microbial oil recovery in sandstonecores.

3) Simulation

Duringthe firstyear of theproject the metabolism andnutritionof fermentative,halophilic,

anaerobicbacteriawere studied. Fennentative,halophilic anaerobeswere the most numerous

organisms presentin the Vassar oil reservoir. All of the isolates used carbohydrates,and

fermentedglucose to hydrogen, carbon dioxide, ethanol,and acetate.

A simple porous chamber was designed to obtain statisticallyreliable dataon the in-situ rates of

microbial growth, substrateconsumption, and product formation. This system consisted of a

14



small, plastic tube packed with sandor glass beads and sealed ateach end withrubber stoppers.

Studies showed thatthe rateof growth was slower inside of the chamberscompared to growth in

liquid cultures.The stoichiometryof gaktctosemetabolismby thebacteriumwas the same in the

chamber as in liquid culture. Without fluid flow, bacterialstrainswere able to penetratethe

chamber atratesup to 0.1 m/d. Cells moved throughthe chambersin a bandlike fashion. The

propagation of non-motile strainsrequireda criticalcell densityin a section of a core before cells

were detected in thenext section.

These datasuggestedthatthe transportof nonmotile cells throughporous materialsmay occur by

a physical displacementmechanism where progeny of cells areforced into less populatedregions

of the chamber.

In the second year of theprojec~ a new non-invasivemethod to monitor microbial activity in

porous materialswas developed. The rateof in-situmicrobial activitywas inferredfrom the rate

of change in thepore pressureof the chamber. The pore pressurethatwas monitored continuously

using an electronic transducersystem. This methodhelped show thatthe grain size of theporous

materialaffected therateandextentof glucose degradationandtheextentof substrateutilizationby

microorganisms. The rateof hydrogen production, the final amountof hydrogen produced, and

thecell concentrationdecreasedwith a decreasein grainsize. This shows thatgrainsize (pore size)

of theporous materialis animportantfactor controllingthereproduction andmetabolism of

microorganisms in porous materials.

A one-dimensional, three-phase,muhiple-componen~ numerical simulatorwas developed to

investigatetransportand growth of microorganisms in porous media and the impacE of microbial

activitieson oil recovery. The simulatorwas verified using analyticalsolutionsandother

simulators. Special cases regardinggrowth inhibition,chemotaxis, microbial plugging,

biopolymer production, biosurfactantproduction andgas production were used to testthe

simulatorand investigatethemechanismsinvolved in microbial oil recovery. Simulationstudies

showed thatadditionaloil was recovered by thefollowing mechanisms: selective plugging,

mobility control due to polymer production, and interracialtensionreductiondue to biosurfactant

production. These studiesalso showed thatmicrobial gas production did not recover residualoil.

Apparently, the amountof gas produced duringan in-situ microbial process was insufficient to

recover residualoil.
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C. Idaho National EnheeM~ Laboratory (INEL)

Microbial researchat theINEL has been historically diversified over a wide range of problems

with a common focus on MEOR systems for application in reservoirs containing medium to

heavy crude oils, and the design andimplementationof an industrycost-shared field

demonstrationproject of MEOR technology. In order to achieve thisobjective, several subtaslw

have been addressedincluding: 1) Determinationof MEOR mechanisms of recovery and a

laboratory testingof MEOR systems, 2) Compatibility of MEOR with other EOR methods that

may have been used previously in the targetreservoirs, 3) Evaluationof the impacts of MEOR

applicationwith respect to biogenic products and formation souring,4) Targetreservoir(s)

evaluationand characterizationfor potentialoil recovery, 5) Economic evaluationof a potential

MEOR system, and 6) An industrycost-shared field demonstrationof a potential MEOR system.

1) SurfactantBased EnhancedOil Recovery

Surfactantsarehypothesizedto enhancetherecovery of oil througha reductionof the interracial

tension @T) of the organic and aqueous interfaces. A reduction in the IFT between these

interfacesis believed to cause oil displacementby overcoming capillary forces and displacing oil

horn the rock pores into themobile liquid phase. Microbially mediated reductions of IFI”s have

been reviewed.

Laboratoryresearchto determineand quant@ mechanisms by which crude oil is recovered from

oil reservoirsusing a naturallyoccurring surfactantproducing microorganisms was investigated.

Microorganisms representa replenishablein-situ source of surfactantsand otherbeneficial

metabolizessuch as acids, gas biopolymer, or solvent which can be suppcxtedand manipulatedby

the additionof inexpensivenutrientsthatarenot tied to crude oil prices. A mturally occurring,

readily available surfactantproducing microorganism, Bacillus licheniformis JF-2 (ATCC 39307)

and a sucrose based nutrientwere studiedin an experimentalsystem using Berea sandstonecores

(85-510 red). The effectiveness of thismicrobial system was reportedfor a variety of crude oils in
termsof oil recovery efficiency ~) and correlatedwith IFI”s, viscosity, crude oil type, and the

effect of MEOR on oil composition.

The surfactantproduced by Bacillus licheniformis JF-2 is thoughtto be physiochemically and

structurallysimilarto thatproduced by Bacillus subtilis. The proposed structureof these

biosurfactantsis very differentfrom thatof common anionic petroleum sulfonates. While the

sulfonate surfactantsare anionic, thebiosurfactantproduced by Bacillus IicheniformisJF-2 is

zwitterionicand relativelylargein comparison.
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For four crude oils (19.1 to 38.1° API (0.8343 glcm3 at 15.6°C)) used in coreflood experiments,

no directcorrelationof oil recovery efficiency with crude oil type was observed. Oil was

recovered equallywell using viable washed cells or cell-fiw supematantsfor core injections. The

surfactantproduced by Bacillus IicheniformisJF-2 lowered the IFT’s of five oils tested

(17.5 to 38.1° API (0.9459 to 0.8343 g/cm3 at 15.6°C)) and aqueous systems equally well, and

therewas no adverseeffect on the comparison of thecrude oil duringmicrobial emulsification.

Measurementsof IFT’s were made using an interracialtensiometerbased on digital imaging of an

invertedpendantdrop.

Although IFT reductionsmeasuredwith thependentdrop apparatuswere not low enough to be

aneffective oil recovery process according to currenttheory,both cell and cell-free injections

mobilized residualoil. The amountof oil mobilized was about the same for all oils tested. Data

from abacterial adherenceto hydrocarbon assayindicatethatoil mobilization was due to produced

metabolic productsandnot thephysical presence of thebacterialcells. This is furthersubstantiated

by oil recovery obtainedusing thecell ike supematantinjections. However, fkmds usingcell

injectionsrequiredQ 1/4 less injection volume to mobiJize the same amountof oil attainedusing

cell-free injections. This indicatesthatin-situcell metabolism is effective in producing Sufficient

quantitiesof surfactantsto mobilize oil. Scanningelectronmicroscopy dataindicatea complete

distributionof cells in thecore thatfollows flow direction.

Two strainsof Bacillus subtilis(ATCC21331 and ATCC21332) were investigatedandcompared

to Bacillus licheniformisJl%2(ATCC 39307) in the following respects: ability to lower interracial

tension,degradeoil, adhereto hydrocarbons, recover oil, and grow on carbon sources suitablefor

field application.

Cell-free extractsof B.subtills grown in ATCC 1502 Medium E (supplemented with 2.5% NaCI

and 1% sucrose) recovered Schurichtcrude ojl from cores in the laboratory. Interracialtensionof

B. Licheniformis JF-2 extractsagainstSchurichtcrude oil was 23.1 mN/m. IFI’ resultinghorn B.

subt.ilis21331 underidenticalconditions was 4.3 mNhn. Like Bacillus I.icheniforrnis,neither

strainof Bacillus subtiliswas able to degrade the oils tested,or adhereto hydrocarbons in a

standardbacterialadherenceto hydrocarbon (BATH) test. Both strainsof Bacillus subtilis

recovered more waterflood residualoil thanBacillus licheniformis. The different carbon substrates

were evaluatedbased on reductionin surface tension. Both B. Subtilisstrainsdecremed the

su.tfacetensionwhen sucrose, Iluctose, starch,pyruvate,casitone, glycerol, or yeast extractwere

used as carbon substrates. Starch(potato) was the best carbon substratefor surfactantproduction.
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2) Measurementof InterracialTensions

Measurementof IFI”s has been accomplished by a variety of methods, including pendantdrop,

sessile drop, and spinningdrop methods. These methods place a drop of oil into a sucfactant

solution, and thenmeasurethe shape of the drop formed. Cumentdevelopments in personal

computers,coupled with the ability to digitize video images enables theresearcherto automatethe

process, andprovides an improved process to determinetheIIW. Video digital methods have

been applied to the measurementof the IIWs of bacterialbiosurfactants. A simple, fast, automated

systemfor measuringinterracialtensions using thependantdrop method was developed at the

INEL.

3) Evaluationof Biocide Efficiency For ControllimzSulfate-Reducin~BacteriaIn Petroleum

Reservoirs

The objectives of this studyare: 1) Measure differences in the efficacy of biocides used to control

the activityof sulfatereducingbacteria (SRB), using an assay thatemploys characteristicsof a

petroleumreservoirto challengebiocide efficacy called the ChallengeAssay. CrushedBerea

sandstone(representingthehost rock matrix) and crude oil were used to representphysical

reservoirproperties in this study. 2) Evaluatedifferences, if any, in theresponse to biocide

treatmentsbetween a wild-type consortium (K3-3) of SRB and a pure cultureof Desulfovibrio

desuhricans (ATCC # 13541). 3) Compare microbial activity for all biocide treatmentsusing the

standardminimum biocidal concentration (MBC) assay and the Challenge assay.

D. desulfuricansand K3-3 were used to evaluatethe efficacy of five diiTerentbiocides within

two different systems (Challenge or MBC~ Contacttime andbiocide concentrationwere thekey

factors affecting the efficacy of all biocides screened. D. desulhicans and K3-3 did not respond

in a significantly differentway to any of thebiocides except DMDM hydantoin. K3-3, though

uncharacterized,was similarto D. desulfuricansin a number of ways; K3-3, as a consortium, did

not contain spore forming species as indicatedby the viability test. Morphologically, the members

of the K3-3 consortium resembled D. desulfuricans,and their growth and activity was similar.

Morphologically similarstrains,however, may respond differently underdifferenttest conditions.

The systems made a significantdifference in microbial response to sodium hypochlorite and

sodium o-phenylphenate. With both biocides, microbial activitywas inhibitedto a greaterdegree

in theMBC system thanin the Challenge. The sandstoneand/or theoil in the Challenge system

may have decreased biocide efficacy by chemically reactingor sorbingto thebiocide.
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This researchhas demonstratedthata standardMBC assay will not necessarilyperform

competently for uncharacterizedpetroleumreservoir. A Chalkmgeassay is more indicativeof

reservoirconditions and as such, is abetter indicatorfor biocide efficacy thantheMBC assay.

4) Microsensor Probe Technolo w For The Direct MeasurementOf Sulfide

Several sulfide detectorsare availablethatcan be used for on-line measurements.Notably, all

detect sulfide ion (S=) ratherthantotal suliide (H2S + HS- + S=), which is the measureof souring

activity. Jnthenormal pH range (5-9), the Ii-actionof total sulfide presentin the ion form (S-) is in

the 1011 to 10-5 molar range. Therefore, thesedetectors sense only a minor portion of the total

sulfide. At the low levels of total sulfide presentin produced waters,the sulfide ion level is

generallybelow the detection limit unlessthepH is adjustedto high values. To provide a key tool

needed for microbially-induced product souring work, the development of a smallpH-

insensitive/onlinedetectorwas proposed. This work utilizedthe detectordevelopmentexpertise,

SRB experience, andprocess analysiscapabilitiesof theMontanaStateUniversityCenterfor

InterracialMicrobial Process Engineering.

The preferredapproachto developing a pH- independenttotal sulfide detectorwas to find a

method of adjusting,thepH to thehighly basic range where sulfide ions arethe dominatespecies.

This approachwould requirea sulfide ion electrode, a pH electrode, anda referenceelectrode to

monitor theeffectiveness of the pH adjustment. As a secondary approach(in the eventthatthe pH

could not be made basic enough for thequantitativeconversion of thetotal sulfideto the sulfide

species) thepH and sulfide concentrationscould both be measuredandthe total sulfide calculated.

This approachalso requires a compatible setof pH, sulfide, andreferenceelectrodes. Thus, the

initialstepwas to develop a set of compatible electrodes andthencombine theminto a single

probe.

A detectorwas developed thatcan measuretotal sulfide concentrationindependentof thepH of

the aqueous medium. The technology relies on measuringboth pS andpH and thencalculating

total sulfideconcentrations.

5) Evaluationof Reservoir WettabilitvAnd ItsEffect On Oil Recoverv

Research continued to achieve a betterunderstandingof theprocess by which one fluid

immiscible displaces anotherfhm a porous media. Understandingtheinteractionsof crude

oil/brine/rock systems is important.Investigationsfocused on surfacephenomena,wetting

changes induced by crude oils on solid surfaces,factors causing nettability changes, andthe



influence of these changes in wettabillityon displacementefficiency. Identifying and

understandingconditions for optimum oil recovery by waterflooding is a primaryobjective.

D. Brookhaven National Laboratory

1) ‘i’hermoddlic andThermoadmkedbacteria

At theBrookhaven NationalLaboratory (13NL),systematicstudieshave been conducted which

dealtwith the effkcts of thermophilicandtherrnoadaptedbacteriaon the chemical andphysical

propertiesof selected types of crude oils atelevated temperaturesandpressures. Particular

attentionwas paid to heavy crude oils such as those from Venezuel& California Alabama,

Arkansas,Wyoming, Alaska, and other oil producing areas. Currentstudiesindicate thatduring

thebiotreatmentseveralchemical andphysical propertiesof crude oils are affected. The oils are 1)

emulsifid, 2) acidilied, 3) thereis a qualitativeandquantitativechangein light andheavy Iiactions

of thecrudes; 4) thereare chemical changes in fractions containing sulfurcompounds; 5) fiere is

anapparentreductionin theconcentrationof tracemetals; 6) thequalitativeandquantitative

changesappearto be microbial species dependent and7) thereis a distinctionbetween

“biodegraded” and “biotreated” oils. “Biodegraded oil” is more suitablefor changes which occur

undernaturalconditions over geological periods of time, and the “biotreated” is more applicable to

changesbrought about by deliberatelyintroducedmicroorganisms acting over shortperiods of

time. Further,preliminaryresultsindicate thatthe introduced microorganisms may become the

dominantspecies in thebioconversion of oils.

These studieshave also generatedinformationwhich supportstheview thatthebiochemical

interactionsbetween crude oils andmicroorganisms follow distincttrends,characterizedby a

group of chemical markers. Such markersareuseful in the prediction of bioprocessing efficiency

prior to core-flooding experimentsand fieldtesting. Core-flooding exptximentsbased on these

predictions have shown thatcompared to commonly used microorganisms, e.g. Clostridiurnsp.,

significantadditionalcrude oil recoveries areachievable due to thebimhemical actionof

thermophilic (thermoadapted)microorganisms atelevated temperaturessimilarto those found in

oil reservoirs. In addition,BNL studieshave also shown thatthebiochemical treatmentof crude

oils has technological applicationsin downstreamprocessing of crude oils such as in upgrading of

low grade oils and theproduction of hydrocarbon based detergents.

E. University of Michigan

In-situ growth of cellularmaterialis known to cause formation darnageto porous media.

Bacterialreproductionandpolysaccha.tideproduction arethekey factors thatsegregatebacterial

formation damage from fines andparticulatedamage. The transportof a model bacteria,
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Leuconostoc mesenteroids, throughporous cores, was studiedfor differentnutrientconditions.

When thebacteria were fed glucosdfructose, therewas no or minimalplugging of theporous

cores. However, when thebacteriawere fed sucrose, theporous cores plugged rapidly and the

permeabilitywas reduced to 0.001 its initialvalue. The plugging was a resultof polysaccharide

production when sucrose was used as a nutrient. The cellularpolysaccharideproduction increases

cell retentionin porous media andcauses an overall decreasein media permeability. Further,we

have been able to use Leuconostoc mesenteroidsfor profile modification. Here we have been able

to successfully divert flow horn a high permeability layerof a porous medium to a low

permeabilitylayer for profile modification. This flow diversion due @ permeabilityaltmation,can

be controlled by theinoculation strategy,nutrientconcentrations,and injectionrates.

In order to control thebacterialgrowthto produce selectiveplugging for bacterialprofile

modification, a reaction mechanismand a kinetic model for themodel bacteriahave been

developed. Based on experimentalobservations, a phenomenological model has been developed

to describe the inoculation of theporous medium, the in-situ growth of bacteria,polysaccharide

production and thepermeabilitydecline of theporous medium.

1) Mechanistic Studv of Biomass Plwmiwz and Movement in Porous Media

Previous work by Lappan and Fogler have demonstratedthe feasibility of using

exopolysaccharide producing bacteriain MEOR processes. Specifically, bacteriumLeuconostoc

mesentroidescan be used to selectivelyplug high permeabilityzones (oil-depleted), thusdiverting

production fluids throughlow permeabilityzones (oil-rich). As bacteriaundergo growth and

exopolysaccharide EPS production a biomass plug is formed in the porous media. Both packed

bed and micromodel experimentswere conducted to bettercharacterizethebiomass growth and

plug development. Results indicatethatunderconstantflow conditions, therearethreepressure

regimes which are dependentupon biomass morphology and distributionin theporous media.

These regimes include initialno pressurechanges as individualcell growth occurs, rapidpressure

increases when contiguous biomass is produced, and pressureoscillations which correspond to the

cyclic creation of biomass plugs andbreakthroughof flow channels.

2) Retentionand Transucxlof Mukide BacterialSwcies

Processes such as microbially enhancedoil recovery andbacterialprofile modification rely on the

successfulplacement of bacteriaattheoil-water interface. Developing anunderstandingfor the

retentionandtransportof bacteriain porous media is importantfor designinginjection strategies

capable of proper bacterialplacement. However, indigenousbacteriathatreside on subsurface

mineralscan affect the subsequentcolonization of injectedbacteria. Furthermore,injection fluids
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availablein thefield arelikely to contain additionalstrainsof bacteriawhich could furtheraffect the

retentionandtransportof injected bacteria. Work designed to gain a mechanistic understandingfor

the transportandretentionof multiple bacterialspecies in porous media, used experimentalresults

as baselineinformationfor comparative studies. Once a mechanistic understandingof muki-

speciesbacterialtransportis achieved, strategiesfor the proper placement of injected bacterial

strainscan thenbe developed which exploit multi-species retentionmechanisms.

3) Development. Evolution. and Stabilityof a Biomass Plwz in Porous Media

Packed bed andmicromodel experimentswere conducted to elucidate the development

evolution, and stabilityof a biomass plug in porous media. It was determinedthatplugging by

Leuconostoc meseneroides will not occur iiom cell growth in the absence of exopolysaccharide

(EPS) production. Although maximum cell growth occurs under the morphology of the EPS-free

biomass, it does not allow plugging to occur. Specifically, conductive flow channels areformed

throughregions of high biomass growth due to shearingof the biofihn. This shesring occurs

because the cell-to-cell interactionin the absence of EPS is weak. As nutrientconditions are

alteredto induce EPS production, however, plugging does occur in porous media.

A characteristicpressureresponse curve is observed. Initiallythereis a lag time before theonset

of pressureincrease. The lengthof the lag time is dependenton the initialconcentrationof cells

deposited in the porous media duringinoculation. The onset of pressureincrease occurs when a

criticalnumber of EPS-producing cells arepresentand this time is decreased with anincreaseof

initialcell adsorptionduringinoculation. After the lag phase, the pressureincreases. At thispoin~

all thepore space is filled withinplugged regions located nearthe inlet. Pressurecontinuesto

increasecompacting thebiomass in the plugged regions as a resultof local redistributionof

biomass.

At a critical pressure,the biomass yields and a channel breaks throughthe initialbiomass plug. If

abacterial matis presentatthe injection face, this channelwill refill causing a pressureincreaseand

as a maximum pressureis reached the channel will empty with a corresponding pressuredecrease.

Cyclic filling and emptying of the channel causes pressureoscillations. If thebiomass plug is

developed away flom the injection face so thata bacterialmat is formed, pressureoscillations still

occur. However, the channelis not refilled, but ratherpartialblockage occurs due to erosion of the

biomass along the channel. This blockage is periodically removed at the criticalpressurecausinga

subsequentpressuredecrease thatcompletes the pressureoscillation. Biomass removed ilom the

breakthroughchannels duringoscillations is recaptureddownstreamof the initialplug due to

mechanical straining. Strainingoccurs, because biomass aggregatesformed fkom shearedEPS-
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producing biomass arerigid. As a resultof thisrecapture,the biomass plug is propagated toward

the distalend. Hence, thepressureoscillations indicatedbiomass transportthroughporous media.

4) Devekmmentof a BacterialProfile Modification Techniaue

Before any successfid applicationof a MEOR process can be realized, an understandingof the

cells’ transportandretentivemechanismsin porous media is needed. Cell transportdiffers horn

particletransportin theirabilityto produce polysaccharides, which areused by cells to adhereto

surfaces. Cell injection experimentshave been conducted usingLeuconostoc cells to illustratethe

importanceof celluk polysaccharideproduction as a transportmechanismthathinderscell

movement andplugs porous media.

It is proposed thatcore plugging phenomenaby bacteriapolysaccharide production be used for

profile modification. Parallelcore plugging experimentshave demonstratedthe abilityof cells to

selectively plug highly permeableregions. Flow diversion from thehigh to low permeable core

occurred for a limited time only. This resultwas due to diversion of nutrientsinto the low

permeabilitycore which in turnallowed for cell growth andplugging. Hence, to be able to use a

bacterialsystemfor profile modification requiresa set injection strategy. This strategywould have

to statethe concentrationof cells initiallyinjected, thenumberof cells injecte~ andthe totalmass

andconcentrationof nutrientsinjected to allow for cell growth withinthewater swept zone only.

Thus kinetic datais needed for the establishmentof theseparameters.

Kinetic studiesof the Leuconostoc cells have been carriedout to furtherunderstandtheplugging

ratesof porous media. Experimentxdly,-ithas been shown thatthe cells’ growth rateis weekly

dependentupon the sucrose concentrationin themedi~ and stronglydependentupon the

concentrationof yeastextract. On theotherhan~ dextranyields were found to be dependentupon

the sucrose concentrationin themedia. Jnaddition,the synthesisof cellulardextranhas been

found to lag behindcell generatio~ thusindicatingthatthe cells’ need to reach maturitybefore they

arecapable of expressingthe dextransucraseenzyme and synthesizinginsoluble dextran.”These

observationshave been used to develop growth rate,polymer productio~ and substrateutilization

models which supportoverall development of injection strategiesfor profile modification.

l?. Mississimi State University and Hu~es Eastern Corm

1) NutrientStudies

In laboratory studiesit was shown thatstarvedoil-utilizing micrcmrganismswould biosorb both

ammonium ions and orthophosphateions. Berea sandstonecores (2 inches by 4 feet) were

preparedto simulatedepletedoil sands. Microorganisms were introducedinto test cores with the
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simulatedproduction waterwhile control cores were sterilizedwith ethyleneoxide. Experiments

performed using these cores yielded the following results.

The sequentialadditionof low levels of nitrateions andorthophosphateions to the cores

resultedin significantincreases in microbial numbersand activity withoutplugging thecore.

Excessive amountsof nutrientsallowed the microflora in the core to proliferateto such an

extentthatthecore became plugged.

The sequentialadditionof nitrateions and orthophosphateions to thecore caused the

microorganisms in thecore to increase oil recovery by 350910.

Evidence of microbial activity in the cores was characterizedby a depletionof the short-

chainaliphaticsandtheproduction of a long-chain al.iphatic(C24-25) and long-chain fatty

acids.

A U.S. Patentwas obtained (U.S. PatentNo. 4,475,390).

2) Imhzenous Microflora

The overall purpose of the second project was to develop information on thernicroflora

indigenousto subterraneanoil reservoirs, with special emphasis on theirpotentialrole in MEOR.

With regardto the microbial residentsof subterraneanoil reservoirs,it was learnedthat
●

●

●

●

●

●

Significant numbers of microorganisms were presentin all 13 reservoirs examined (ranging

in depth fkom 805-14,492 ft.)

Each reservoir had a somewhat distinctivemiroflora.

Of the 37 pure cultureisolates examined, all grew anaerobically andproduced one or more

products of potentialvalue to MEOR - gas, aci~ emulsifiers, polymers, solvents. .

Microbial isolates would colonize stratalmaterials(limestone, sandstone,clay shale) and

theirgrowth in sandpackscaused alterationsin the flow of waterthroughthe sandpack.

None of the 13 reservoirsexamined contained sulfate-reducingbacteria.

Ultramicrobacteriawere presentin two reservoirs.

The resultsof this investigationsupportthe concept thl microorganisms indigenous to

subterraneanoil reservoirs arevaluable for enhancingoil recovery. Toward thisend, studieswere

conducted to test this concept under themost realisticconditions possible in the laboratory.

Specifically, cores (1.5 in x 4 in.) fkomoil reservoirs were employed in core flood experiments.

By so doing, the microorganisms, formation materials,ok and wa~r were in as close to their

naturalstateas possible.
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Simulatedproduction watercontaining supplementalnutrientswas thenallowed to flow through

thesecores. No supplementalnutrientswere added to the waterflowing throughthecontrol cores.

One test core andone control core were preparedfkom each of five cores obtained from different

reservoirsand the following resultswere obtained when supplementalnutrientswere added to the

injection water.
●

●

●

●

●

●

Oilwas released from the testcores.

There was an increase in the number of microorganisms presentin thecore effluent.

The production of acid by the rnicrofloraresultedin ihe dissolutionof large amountsof

carbonatematerialandthe development of new channels.

Some plugging of the more porous zones occurred.

Gas was produced in some cases.

The additionof trace amountsof ethanolto theinjection watergreatlyenhancedthereleaseof

oil and thedissolution of carbonatedin the formation material.

3) Water flooding Field-Test-In-situMicroflora

The project began with the drillingof two wells to obtain live cores for laboratorywork andto

determinehow well the reservoir was being swept by the existing waterflood. The

microbiological analysesof the core (top, middle, andbottom portions) suggestthatthe areaof the

reservoir in which the wells were drilledhad not been impacted by thewaterflooding operations

because no sulfate-reducingbacteriawere found in thecore. Sulfate-reducingbacteriawere

prevalentin production waterfkom other wells in thereservoir.

Laboratory waterflood experimentsusing live cores were performed. Simulatedproduction

waterwas allowed to flow throughthe cores from carboys situated41 inches above the core.

Control cores received simulatedproduction wateronly while testcores received simulated

production water supplementedwith potassiumnitrateand disodium hydrogen phosphateon a

prescribed schedule. The flow rateof waterthroughthe control cores increasedwith time while

theflow rateof waterthroughthe testcores decreased with time and ceased to flow on some

occasions. The flow was restartedby slightlyincreasingthepressureon the influent. The

presence of oil in the effluent was more frequentfrom the test cores. Data for these laboratory

coreflood experimentswere used to formulatetheconcentrationof nutrientsto be employed on the

field testsandthe schedulefor theiradditionto the injection water.

The North Blowhom Creek Unit is the site of the field demonstration. Four injector wells were

selected for nutrientadditionsandthe sumoundingproducer wells arebeing monitored. Results

obtained in thesetestswill be compared to historicaldata for thewells andthe dataobtained from

25



four additionalinjectors and theirsurroundingproducers which are serving as controls. It was

considered essentialto the scientific integrityof theproject thatcontrol wells be included in the

experimentaldesign and as a consequence will be included for thedurationof the 37-month trial

ending in 1997. Performance of theproduction wells is being monitored. Additionally, chemical,

microbiologic~ and petrophysicalcharacteristicsof theinjection waterandproduced fluids are

being monitored.

After eightmonths, examinationof the production in testpatternone has shown the fofiowing

trends. The decline in oil production is less, in fac~ it has stopped and appearsto be increasingin

one well. Perhapsmore importantly,the waterto oil ratio in one well has changed direction andis

now decreasing,not increasing. In two cases, the waterto oil ratiohas slowed its upwardtrend.

Jnthecontrol wells, in threecases, the waterto oil ratio is increasingand the othertwo cases it is

on the sameincreasing slope.

The smooth operation of thenutrientinjection systemsbeing employed in the field demonstration

is considered a significant accomplishment as is the fact thatno changes in injection pressurehave

been observed and therehas not been any evidence of skineffect aroundthe wellbore.

G. Geomicrobial Technologies (GMn-

1) SirwleWell Microbial Treatmentsfor the PreventionandlorRemoval of ParaffinIlmosition

andMitkation of Scale Problems.

Initialresearchcentered upon laboratory studiesusing thepatentedtechnology developed by

GMT (U.S. patent# 5,405,531). This patentdescribes the use of saltsyielding anions of nitrate,

nitriteandmolybdate to selectively and favorably alterthemicrobial ecology of subsurface

environmentssuch as would be encounteredin an oil field. Laboratory studiesusing bottle tests, .

Berea sandstonecores, and sandpacktestshave showq thatestablishedsulfatereducing bacterial

(SRB) populations can be suppressedor eliminatedby using this treatmenttechnology. This

treatmenttechnology has been shown to not only prevent denovo formation of hydrogen sulfide,

but also to mitigateexisting hydrogen sulfide andiron su.liide(pyrite)problems which can cause

severe problems in oil andgas field operations. Additionally, this treatmenttechnology has been

shown to replace the detrimentalSRB population with a benign population of denitrifyingbacteria

which can help consume sulfide while producing lmown MEOR agents such as gasses,

surfactants,etc. The resultsandtreatmentstrategiesfrom laboratoryinvestigationsarebeing

applied towardprelhinary fieldtests.



Held tests to datehave been conducted in OklahoQ Kansas andWyoming. Initial,preliminary

field testswere conducted in Montgomery Co., Anderson Co., Kansas, and Rogers Co.,

Oklahoma. In all tests,no damage occumed to existingoperations. The effects of the treatment

technology on isolated single wells on the Phoenix lease in Rogers Co. Oklahoma was monitored

using a Port-A-Chek unitto gauge fluid production. Prehminarytestsyielded several important

results. Data recorded from thePort-A-Chek unitrevealed a possible increasein total fluid and oil

production resultingfrom a single well batch treatment.Fieldtests in Anderson Co., Kansas and

atthe NationalPetroleumReserve #3, CasperWyoming have revealed a significan~favorable

change in bacterialpopulationsfollowing field treatmentsand a noticeable reductionin sulfide

levels and a mobilization of iron sulfi& ( pyrite). The successful remediationnoted in the

Anderson Co., Kansas field test (ongoing) showed a possible drawback in thatthe treatment

resultedin a good cleanout of iron sulfide which subsequentlyled to some surfaceplugging

problems which were latercorrected.

H. AIDIM Environmental

Alpha Enviro~ental completed an eighteenmonthresearchprogram for DOE to demonstratea

process using petroleum degradingmicro&ganisms, a biocatalyst, formation waterand inorganic

nutrientsto economically recover residualoil in reservoirs. Resultswere mixed andinconclusive.
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IV. BENEFITS TO VENEZUELA AND THE UNITED STATES

Through theprograms of both Venezuela and the United States,microorganisms have been

shown to be beneficial to the oil and gas industryin a numberof ways as shown in Table 4.

TABLE 4. A CLASSIFICATION OF DIFFERENT MICROBIAL RESERVOIR

TREATMENTS
t

MEOR Process Production Problem Type of microorganism used
Well Stimulation Formation damage GeneraUysurfactan~gas, acid

and alcohol producers.

Waterfiooding

Wellbore cleanup

Low oil relativepermeability
Trappedoil due to capillary Generally surfactan~gas, acid

forces and alcohol producers
Poor sweep efficiency Microorganisms thatproduce

polymer
Channelingand/or copious
amounts of biomass

Paraffinproblems Microorganisms thatproduce

Scaling emulsifiers,
smfactants,and acids

Microorganisms thatdegrade
hydrocarbons

Venezuela conducted nxearch directedspecifically towardthereservoirconditions in thatcountry.

Overall, the Venezuelan reservoirsaredeeper andhave greaterbottomhole temperaturesthanmost

of the U.S. reservoirstargetedfor microbial EOR. Thus, Venezuela has had to draw upon

microorganisms thatcan toleratehigh temperaturesandpressures.

In addition to the laboratoryand simulationresearchefforts, the U.S. DOE Office of Fossil

Energy co-funded several successful field pilot projects of MEOR involving injected organisms.

At leastfour major oil companies andmany independentoperatorseighthave or are currently

applyingmicrobial technologies in thefield to improve oil recove~.

The DOE co-funded two pilot projects, including a demonstrationproject using indigenous

microorganisms to improve sweep of the reservoir by waterflooding. In addition to increased oil

production, theseprocesses can significantlyreduce operatingcosts to independentproducers.

Such treatmentshave been shown to reduce waterproduction by 50 to 75% and associated lifting,

separationand treating,transportationand disposal costs.
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Literallythousandsof wells have been treatedin Venezuela andtheUnited Stateswith microbial

systemsthatcan clean up thewellbore and improve the productivity. Treatmentssuch as thesecan

decreasethe costs associatedwith well workovers and cause savingsto the independentoperatorof

over 5096in operating costs. Although a significantnumber of new businesses have been

establishedbased on oil field applications, DOE is funding a smallbusiness througha subcontract

withNIPER to provide documentationto the industryof the field application of microbial wellbore

cleanupprocesses. This effort should make the technology more availableto themore than

425,000 stripperwells (i.e., wells producing less than 10 bb~d) which approximates75% of the

producing wells in the United States.
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V. RECOMMENDATIONS - INCOMPLETE WORK

Severalareasof researcharerecommended below thathave been identified as needed or have

incomplete resultsthroughthisprogram.
●

●

●

●

●

●

Perform well documented field tests,especially in reservoirswith substantialremaining oil

saturation.

Development of low-cos~ consisten~ andreadily availablenutrients.

Continueddevelopment of profile-modification and well-stimulationmethods.

Development of salinity-andtemperature-tolerantmicrobes, including those thatcan upgrade

heavy oils.

Improvement of simulatorfor MEOR processes.

Improved understandingof recovery mechanisms for

identify where combinations of processes will work.

variousmicrobial techniques and
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IMPLEMENTING AGREEMENT NO. X111$

TO TIiE AGREEMENT

BETHEEN

DEPARTMENT OF ENERGY OF THE UNITED STATES OF AMERICA

AND

THE MINISTRY OF ENERGY AND MINES

OF THE REPUBLIC OF VENEZUELA

IN THE AREA OF MICROBIAL ENHANCED OIL RECOVERY

WEREAS, the United States Department of Energy (hereinafter

referred to as DOE) and the Ministry of Energy and Mines of

Venezuela (hereinafter referred to as MEMV) desire to

cooperate in the field ‘of energy research and development;

WHEREAS, in the furtherance of their ?nutual interest DOE and

hfEMV entered into the Agreement in the field of Energy

Research and Development signed Mat’ch 6, 1980 (hereinafter

referred to as the Energy R&D Agreement);

IWEREAS, 00E and MEMV have a mutual” Interest in technology

exchange on the application of microorganisms for the

recovery Of petroleum;

HHEREAS, DOE and MEMV have a mutual interest in developing

modeling capability to predict the recovery of petroleum via

microorganisms from applicable” petroleum reservoirs;
..
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The Parties shall carry out a sertes of tasks over an

inttfal period of 18 months. Further work may be requjred

to comlete all tasks at the end of the initial 18 month

period. Any further work shall be the subject of a future

Amendment and Extension to this Implementing Agreement.

A. Technical Information Exchange

The DOE and INTEYEP shall provide an annual summary of MEOR

activities in their respective countries.

B. IhlTEVEP Experimental Tasks

Task 1 - Appl~ed Venezuelan Mfcrobial Laboratory Work

INTEVEP shall identify and select strains of surfactant

producing bacteria such as Pseudomonas Aeruginosa.

Results of”experfments with these bacteria show that

surfactant is easily liberated to the culture media

instead of being associated with the bacterial surface.

This capactty could prove to be of economical ,

importance in an industrial extraction process.

Experimental studies are being conducted to determine

. the influence of medium, temperature, pli, salt type,

surface tension reduction and emulsifying capacity of

the bacteria in order to optimize the production of
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Task 2 - Evaluation of INTEVEP Reservoirs for MEOR

INTEVEP shall analyze samples of various types of oils,

effluent from bituminous sands, and other types of

stratum for which MEOR could be used. INTEVEP shall

analyze the reservoir data and the chemtcal composition

and physical properties of the reservoir matertal

therefrom and shall select $andidate reservoirs for

further screening studies. INTEVEP shall provide this

information to DO’E.

Task’3.- Screenfng and Selection of h!fcroorganfsrus

INTEVEP shall screen and select several mfcrobial

strains that have potential for EOR usfng the samples

from the candidate reservoirs selected fn Task 2.

Compatfbflfty studfes shall be performed to evaluate

the microbfal species and metabolic products shall be
.

determined under the reservoir conditions selected by

I?lTEVEP and DOE. INTEYEP shall provide this data for

DOE.

Task 4 - Bioprocessing of Haste Materials

INTEVEP shall determfne the efficiency of bioprocessfng

waste materfals as nutrients fn surface” reactors to

produce metabolic products suttable for use fn EOR

vrocesses.

59



c. DOE Experimental Task

Task 1 - Microbial Transport and Porous Media Evaluation

DOE shall perform studies in porous media, cores and

micromodels, to investigate the transport of selected

microbial species, and to determine the oil recovery

efficiency of the selected microbial strains, resulting

in fmproved understanding of the fundamental mechanisms

of mobilization and displacement of oil by

microorganisms.

Task 2 - Effect of Nutrient on Oil Recovery Efficiency

I)OE shall determine the metabolic products responsible

for ofl recovery improvement and nutrient screenjng and

selection shall be done to optimize the production of

these key microbial metabolities.

Task 3 - Development of Kumerjcal’ Process Model

DOE shall obtain improvement fn predictability and

displacement sweep efficiencies by the development of a

numerical simulator model of the MEOR process.



All work under Paragraphs A and 8, excluding Task 3 & 4, ~s

to be completed by the end of the 18 months of the project.

The Project Managers shall report to the Steering Comm~ttee

at the end of the first year and propose the effort fn

man-years and funds required by the participants to complete

the project. Effort beyond the 18-month duration of this

Implementing Agreement shall be the subject of an amendment

to the Implementing Agreement.

ARTICLE 3

A. The performance of Article 2, Paragraph B shall be by

INTEYEP and all costs pertaining to Paragraph .8 shall be

borne by INTEVEP. -

B. The performance of Article 2, Paragraphs C, Tasks 1, 2,

3 and 4 shall be, by,DOE and all costs pertaining to

Paragraphs C shall be borne by DOE, with the exception of

shfpping costs “for any samples of oil, effluent from

bitimfnous sands, and other types of stratum required, which

shall be borne by INTEVEP. Obtaintng and shipping the

samples from Venezuela to Bartlesville, OK, shall be the

responsibility of INTEYEP.
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ARTICLE 4

The Parties shall support the widest possible dissemination

of information arising from this Implementing Agreement in

accordance with Article 2 of the Annex to the Energy R&D

Agreement. If a Party has access to proprietary information

as defined In Article 2 of the Annex to the Energy R&t)

Agreement which would be useful to the activities under this

Implentent~ng Agreement, information shall be accepted for

the task only on terms and conditions as agreed in writing

by the Parttes.

ARTICLE 5

Rights to any invention or discovery made or conceived”in

the course of or under this Implementing Agreement shall be

distributed as provided in Paragraph 1 of Article VI of the

Energy R&D Agreement. As to third countries, rights to such

inventions shall be decided by the Joint Steering Committee.

Each Party shall take all necessary steps to provide the

cooperation from its inventors required to carry out thfs

Article. Each Party $ha~l asstime the responsibility to pay

awards to compensation required to be paid to its own

nationals according to fts own laws.
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ARTICLE 6

The existing terms and conditions of the Energy R&D

Agreement shall continue and remain in full force and effect

notwithstanding the terms of thfs Implementing Agreement.

., ARTICLE 7

Thfs Implementing Agreement shall enter into force upon the

later date of signature and shall remain in force for a

period ~f 18 months. It may be amended or.extended by
....:.- . .... . . ,.. . ,.

mutu.i written consent of tne Parties in” accordance with

Article V of the Energy ~&D Agreement.

ARTICLE 8

This “Implementing Agreement may be terminated at any time at

the discretion of either Party, upon six (6) months advance

notification fn writing to the other Party by the Party

seeking to terminate. Such terminat~on shall be wfthout

prejudice to the rights which may have accrued under this

Implementing Agreement, to either P“arty:up

such termination.

to the date of

Done in

198~.

&&id& this day
9=-*
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THE JOINT STEERING COMMITTEE

On behalf of DOE v
\h -%L7f’f’.

Member Marvin

Member George Stosur

--

Nember Thomas Hesson

Z?fG&9: r?ff

On behalf of MEMV

Member Manuel
F

ayeto E....

!Yember Pedro Luis Dfaz

Date “
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APPENDIX B

LIST OF RESEARCHERS

65





ALPHA ENVIRONMENTAL

PrincipalInvestigators: Carl H. Oppenheimer andFranzK. Hiebert

BROOKHAVEN NATIONAL LABORATORY

Participating Team: R&D Staff Eugene T. Premuzic, Mow S. Lin, Bettie Sy

Racaniello, JeffkeyYablon, J.-Z. Jin, Yao Lin, Karlene Hamilton, Guo Kin Ji, Xu Q

Min Zhou, Lei Shing @ins) Wu, Ludrnd.iaShelenkova, and Hsienjen Lian.

Note: Courtesy of other programs, notably the Educational and Minority programs, (

of many participants are also acknowledged. These includ~

students/minorities/teachers/visitingfaculty andjoint programs with the Department

EngineeringatHoward University.

IDAHO NATIONAL ENGINEERING LABORATORY (INELI

Scientists and engineers contributing to this work are: Gregory A. Bala, Karen B.

Lynn Duvall, S. L. Fox, M. D. Herd, J. D. Jackson, E. P. Robertson, and C. P. Thorn

INTEVEP

PrincipalInvestigators: Gabriela Trebbau, Gisela Sanchez, Amaury Marin, Morella i

Freddy Paz, Luis Vierma, Elsa Perdomo

OKLAHOMA UNIVERSITY

Principal Investigators: R. M. Knapp, M. J. McInemey, D. E. Menzie, R. S. T

Udegbunam

Post-doctoral Associates: P. J. Reynolds, J. D. Coates

Research Assistant N. Q. Wofford

GraduateStudentsin Petroleum engineering: J. L. Chishohn, X. Zhang, J. R. Yang,

In Microbiology: P. S. Sharma,V. K. Bhupa&iraju, G. Trebbau Acevedo, N. Leon, 1

T. March

In EnvironmentalScience: D. Warrick
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UNIVERSITY OF MICHIGAN

Principal?nvestigatonH. Scott Fogler, The Universityof Michigan

Associates: Terry L. Stewart, Dong S. Kim, Wesley D. Johnson, all of the University of

Michigan;

Ray Lappan, Ph.D., Dept. Of Chemical EngineeringMcMaster University, Ontario,Canada
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