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Abstract

The present study investigated the ability of arrttaphilic anaerobic microbe (herein
coded as AR80) for MEOR with the further objectitee quantify the uncertainty of
production forecast in terms of the cumulative ptabty distribution. A series of core flood
experiments conducted in water-flooded Berea sandsshowed that up to 51% of initial
oil-in-place was recovered when the plugs wereteceavith AR80 and shut-in for 14 days.
Mainly, the oil recovery mechanisms were attributedviscosity enhancement, wettability
changes, permeability and flow effects. Matching tlaboratory data using artificial
intelligence: the optimized cumulative oil recoveguld be achieved at an enthalpy of 894.2
J/gmol, Arrhenius frequency of 8.3, residual otiusation of 20%, log of capillary number at
microbe flooding stage of -1.26, and also depiciedistory match error less than 3%.
Therefrom, a sensitivity analysis conducted onrmeseshut-in period effect on oil recovery
revealed that a relatively shorter shut-in per@decommended to warrant early incremental
oil recovery effect for economical purposes. Iniadd, MEOR could enhance the oil
recovery significantly if a larger capillary numb@retween 10 and 10%9) is attained. Per
probabilistic estimation, MEOR could sustain alneadater-flooded well for a set period of
time. This study showed that there is a 20% frequef increasing the oil recovery by above
20% when a mature water-flooded reservoir is furfloded with AR80 for 2 additional
years. Lastly, it was demonstrated herein thatemsing the nutrient (yeast extract)
concentration (from 0.1-1% weight) had less or igmificant effect on the oil viscosity and
subsequent recovery.

Keywords:
Artificial Intelligence; Capillary NumberEnthalpy; Microbial Enhanced Oil Recovery
Monte CarloSimulation; Response Surface Methodology
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J/gmol, Arrhenius frequency of 8.3, residual otiusation of 20%, log of capillary number at
microbe flooding stage of -1.26, and also depickedlistory match error less than 3%.
Therefrom, a sensitivity analysis conducted onmeseshut-in period effect on oil recovery
revealed that a relatively shorter shut-in per®decommended to warrant early incremental
oil recovery effect for economical purposes. Iniadd, MEOR could enhance the oil
recovery significantly if a larger capillary numbgretween 10 and 10%9) is attained. Per
probabilistic estimation, MEOR could sustain alneadhter-flooded well for a set period of
time. This study showed that there is a 20% frequer increasing the oil recovery by above
20% when a mature water-flooded reservoir is furffeoded with AR80 for 2 additional
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1 Introduction

Microbial enhanced oil recovery (MEOR) has beerntdduas the salvager recovery method
for stripper wells in the future (Govreau et alg13). In that, it has been proven easy to
develop and maintain since there is no need togehamristing production facilities for both
primary and secondary oil recovery stages (Ansatl.e2018a). Per this view, stripper wells
can be great candidates for MEOR economically, @bilize and push out the trapped oil left
in these reservoirs (Rashedi et al., 2012; Govetal, 2013). This is also possible as a result
of the abundance of microbes in oil reservoirsirtability to grow and produce bioproduct
as well as the cheap nature of nutrients to stitaulamicrobe growth (Bryant and
Douglas,1998). Nonetheless, the above can onlydmpgpghe MEOR phenomenon is well-
understood such that field applications are herggde Moreover, there is a high possibility
of achieving heightened MEOR field application®EOR injection scheme and operations
are designed to avoid unforeseen issues durind) ifigblementation. Up to date, the reported
challenges include)(the absence of commercial numerical simulatcas ¢an cover MEOR
completely and evaluate the mechanism relative ietd fupscale, i{) the absence of
techniques monitoring the activities of the tardetgcrobes in oil reservoirsiii) activation

of microbes indigenous to oil reservoir by injegtionly low-cost substrates into oil
reservoirs andiy) inability to easily find and screen suitable lesiet to produce desired
metabolites needed for enhanced oil recovery (Bryamd Burchfield,1989; Sen,2008;
Sugai ,2013; Safdel et. al., 2017). Thus, the pynscope of this research is to model
systematically, and subsequently, to predict MEQiRrations using a known commercial
simulator.

Literature, related to MEOR, is well-documented yatomplete since the mechanisms
involved are complicated by interrelated properbésomplex microbe-oil-rock interaction,
fluid properties and varying operating conditioBsy@ant and Lockhart, 2002; Armstrong and
Wildenschild, 2012; Karim et al., 2012). Furthermothe variability of oil reservoirs and
fluids so digresses that most generalized conatssi@mve limited applicability. Considering
the volatility of oil price, companies mitigate kighrough simulation and optimization
methods. Nonetheless, such a specific commercrallator for MEOR is inexistent per our
knowledge. It is essential, therefore, to deterntiveemost economical operating conditions
for MEOR operations by reservoir simulation. To o the decision-making process of
MEOR project, it is also important to assess quatntely the uncertainty of its economic
forecast. Reservoir characteristics and recovemphoas are more complex, while laboratory
conventional non-simulation methods are far toopsistic and make several assumptions
that might not be true of reservoir conditionsdiel1990; Mustafiz and Islam, 2008).

Numerous studies have addressed the issue of ME@RIason and modelling
theoretically (Islam, 1990; Islam and Gianetto, 3;99esouky et al., 1996; Sugai et al., 2007,
Nielsen et., 2010; Kaster et al., 2012; Bozorg,3®Mabatunde, 2014). Recently, attention
has been geared towards implementing these thelmt@sommercial simulators such as
CMG-Stars, UTCHEM, ECLIPSE, MRST among others. iRstance, Coombe et al., (2010)
combined CMG- Stars and CMOST to model bacterial weluring activities under
injection/production operating conditions. They Hilighted the relevance of automatic
history matching towards the understanding of niieractivities and the fluid flow paths
reservoirs. Likewise, Thrasher et al., (2010) ea#dd the steps and field trial risk
management of MEOR through laboratory testing aantharical simulation. Using two
commercial simulators (CMG-Stars and REVEAL), tlséipulated that better understanding
of microbes and well performance could reduce uageres shrouding MEOR. Spirov et al.,
(2014) simulated the ability of a thermophilic & to produce gas for MEOR using
ECLIPSE. Their study underpinned that the bestaterfior MEOR operations is the seldom
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injection of water, not large additions of molassBgeltemeier et al., (2014) elaborated a
more practical field simulation of MEOR using CMGStars and also depicted variable
solutions for the microbe growth curve with CMOSIhey validated their model, which
predicted adsorption, reaction kinetics, metab®lgeduction and finally concluded that bio-
surfactant and biopolymer are the main influencimgtabolites for MEOR activities.
Moreover, Amundsen (2015) and Akindipe (2016) destrated the simulation of MEOR
using MRST. Both of them placed much emphasis osusfactant and biopolymer types of
MEOR. Lastly, Hosseininoosheri (2016) used UTCHEMModel MEOR and concluded that
biomass and biosurfactant are the main bio-prodafitsencing oil recovery. Also, Ansah et.
al., (2018b) modelled the effect of an oil-degrgdmicrobe on oil recovery using UTCHEM.
Considerations were given to environmental condgithat influence microbial activities but
not the uncertainties of MEOR operating parameters.

To predict MEOR operations and increase field appilons of the process, several
questions must be addressed. Past investigatioresyway or the other, failed to highlight
aptly MEOR assessment and forecasting in a knovamnoercial reservoir simulator. Also,
quantification of uncertainties associated with $bgl and operating parameters affecting
MEOR process was unaddressed in past research, fhieugresent study seeks to fill these
gaps, elaborating better uncertainty predictiofaasas MEOR is concerned.

Specifically, this research aims at investigating extent to which formation parameters
and those that control bacteria growth influenae ¢fficiency of a typical MEOR process.
Based on laboratory experimental data, numericaulsition and artificial intelligence,
MEOR process is modelled and its associated unickes are evaluated. Herein will be
investigated the influence of the enthalpy, temjeeaof reaction among microbe /nutrient
dissolution, capillary number, and relative permigghb These formation parameters were
selected to highlight their influence on microbé\aty and/or oil recovery.

2 Experimental Section
21 Materialsand methods

2.1.1 Bacteriastrain typeand growth kinetics

The bacteria type considered for this study wasoR®ja species with 16S rDNA, thereafter
coded as AR80. AR8O is thermophilic, halophilic @mdic microbe, which can grow at
diverse environmental conditions. Also, AR80 usessburce for growth, preferably yeast
extract. The optimum growth conditions, reportestelhere, were 10 g/l salinity, 7G and
6.0 MPa (Purwasena et al., 2009).

2.1.2 Petroleum fluids

The crude oil, for this study, was light oil colted from the surface equipment in a Japanese
oilfield. The light oil has an API of 33a viscosity of 7 cP (measured afGPand a density

of 0.958 (measured at £&). The candidate formation has a depth and temperaf 1240

m and 76C respectively.

The composition used for the enrichment (AR80) weltmedium prepared from the
formation brine, is summarized in Table 1.

0.1 ml of the brine was inoculated into 50 ml ofumal brine medium, consisting brine
supplemented with 0.1 g/l of yeast extract (supplig Difco™, USA) as a nitrogen ()l
source and 2% volume of crude oil as a carbon sotacthe bacteria. The natural brine
medium was sterilized by autoclaving at 32%or 20 minutes with 10% CQN, balanced)
concentration replacing the headspace air of tbalestserum bottle. Afterwards, it was



filtered to remove any solid particulates which n@ause blockage during the flooding
experiment. Herein, the filtered sterilized brisecoded as SB.

2.1.3 Oil displacement by cor e flooding

Core flood test was carried out using averagelyo® prolumes (PV) of SB, 3 PV of a
suspension of AR80 in synthetic culture medium tvetdensity of 1.0 x focells/mL) and
Berea sandstone as a plug. The core was driechtuskcompletely interstitial water prior to
vacuum-saturation with SB for establishing the watet wettability of core. Afterwards, it
was mounted in a Hassle-type core holder and cedfat a pressure of 1.0 MPa.

The sandstone was flooded with formation oil untlresidual water was observed in the
effluent fraction. Then, the oil-bearing plug wagaxlaved at 122C for 60 minutes at the
end of which the plug was further flooded with 3 B¥spension of AR80 (density of 1.0 x
10 cells/mL) at a constant pressure of 0.02 MPa.nMeds, the plug was shut-in for 14
days at an incubation temperature of@OThe cores were flooded with SB after shut-in for
secondary oil recovery. This step was performed th@ oil cut in the effluent was less than
1%. The summary of different core flood experimgreggormed is outlined in Table 2.

3 Numerical Smulation Considerations
3.1 Arrhenius modd

Arrhenius equation has been used severally to itbestihe temperature effect and other
environmental factors on the rate of biochemicakctiens (Goldman and Carpenter, 1974;
Zwietering et al., 1991; Huang et al.,2011; Bueke&n et al. ,2014). In this study, a
simplistic model in which the effect of temperatore microbe growth rates was ascertained
using Arrhenius expression. However, the decay wate not considered primarily because
the growth of microbe was assumed to proceed atasimal rate, which is influenced
positively by temperature until impairment (Goldmand Carpenter, 1974). With the
knowledge that the change of growth with tempegatsirexpressed as activation energy, the
maximum growth as a single rate-limiting step wasiputed as:

= Ae RT (1)

wheremax is the maximum microbe growth rate (A is the frequency factor (-Ea is
the activation energy (kJ ml R is molar gas constant (kJ rifél™) andT is the reaction
temperature (K).

The Arrhenius model was later fit into CMG — Starsnodel bacteria growth and kinetics.
Per the present work, the model was attained bghirag maximum growth rate for AR80
derived from experiments.

3.2 Bacteriareaction

The stoichiometry reactions, derived from CMG —rS§tavere adapted for simplicity to
illustrate the dominant process and mechanism efdihdegrading bacteria. In addition,
considerations were made to the aqueous phase oemfgoin tracer quantities per the
equivalent of water properties (for component dgné#viscosity). Simple CMG- Stars
correlation and component partition coefficient vga#ficient for this work. Presumably, the
nutrient speciation process and bacteria growthesgmted by Equation 2 started to occur at
the injection well right after injection of the mabe.



49 H, 0+ 1.001 microbe 1.1 yeast extract 1,0l 4.299 microbe + 4 C} (2)

Brine including nutrient was injected prior to ba@h injection to provide an
accommodating environment for microbe growth staigehich the residual oil is degraded
following the Equation 3. Dead oil and light in Eion 3 denote heavy (C16 — C20) and
light fractions (C10 - C15) of the olil, respectiyel

2.15 microber 1deadoil 1C3 1.45CH - 3.8t oll (3)

Also, the reactions were assumed to occur in aedleystem where there is no influx or
leakage from the reservoir fluids and there is detepinstantaneous mixing of the injected
fluids and reservoir fluids. Furthermore, the beaateeaction is based on the Arrhenius
frequency factor, temperature and concentratich@feacting components.

3.3 Simulation wor kflow

The need for systematic workflow for MEOR simulaties relevant towards envisaging
reservoir uncertainties. Thus, history matchingtifbmmanual and automatic), sensitivity
analysis, and uncertainty analysis using CMG- Siaits CMOST were conducted. This was
done to condition a reservoir model to producti@pezimental data as well as quantify the
uncertainties of MEOR operations.

3.3.1 Homogeneous model development

A one-dimensional reservoir model was considerethis study with dimensions ofrid x
0.1m x 0.1m and was discretized into 4@ x 1 blocks with a total of 40 blocks (Figure 1).

The model had one injection well and one producuiet, which were located in the first
and last block respectively. Also, the reservaingll and placement of the wells simulated a
five spot connection type. The vertical injectiondaproduction wells were perforated
through all the layers in thedirection and the injection rate was specifiedattom hole
conditions. The injector accepted a constant resefluid rate of 2.00746 x I& m*day for
the water flooding stage then switched to 2.05a0% m*/day for both the MEOR stage and
post-flush stage. The porosity, permeability, itipgt scenario and other reservoir and
production properties used in this model were asfcore flooding experiment (Table 3).

In general, the reservoir rock was assumed towater-wet rock with only two phases (oil
and water) for the simulations.

4 Resultsand Discussion
4.1 Microbial growth rate modelling

Figure 2 highlights the mathematical expressiondute model the exponential microbe
growth phase as well as describes the relationbkigveen temperature and maximum
microbe growth rateufnay)

First order, second order and fourth order of thhehénius equation have been used to
describe the dependency of microbe growth ratehertamperature of the system of microbe
reproduction. Figure 2a, maximum microbe growtherétn.,) — T (CC), illustrates a
satisfactory agreement between the model and dataported. The agreement betwgegn,
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of the microbe as predicted by the Arrhenius model and the observethgates in the
independent experiments is presented in Figure 2k (R94). This was attained by fitting
the experimental data by first order Arrhenius equation presented as:

8612

Kooy = 18477 T (4)

Therefore, it can be said that Equation 4 can predict the maximum enigrolth rate and
temperature relation using similar microbes within the limithed test conditions of this
study.

4.2 Oil recovery by microbial treatment

Increase in oil recovery as a result of decreasing residuatailagion and viscosity showed
the effectiveness of the microbial treatment for oil recovery. Figungl8idghts cumulative
oil recovery for brine only (A1 and A2) and microbe plus brieatied (B1 and B2) flooding
experiments conducted.

Generally, the oil recovery recorded for the microbe plus treatedifig was higher than
the brine only (abiotic) flooding. At the pre-flush stage B&, the primary oil recovery
recorded were 49.9, 41.6, 39.6 and 41.7% for Al, A2, B1 ance§ictively. After treating
the cores with microbe and shut-in for 14 days, the final oilvergogradually increased to
51.3% and 42.8% for A1 and A2 respectively. This was averageljig§&&r than the control
experiments (39.9% for B1 and 42% for B2). It should be ndtatidue to the highest oil
recovery observed for the experimehd, it was adopted for simulation.

4.3 Oil recovery mechanisms

In this section, we elaborate on the various mechanisms that ldte toncremental oil
recovery. The primary goal was to reduce the oil viscosity anduasoil saturation. The
residual saturation changed as a function of the capillary numbedefhiaes the relative
effect of viscous forces versus surface tension acting across an intestacei oil and
water (Chatzis and Morrow, 1984). Also, the original wettabdityhe formation and altered
wettability during and after MEOR operation influenced the prodoatharacteristics in the
formation.

We believe all the following mechanisms occurred dependently toreersisuccessful
MEOR operation by AR80. Nonetheless, the main influencing mérhacan be attributed
to the viscosity enhancement. Pressure build-up due to biopolgneduction as well as
biosurfactant effects on oil recovery was neither observed nor considehesl study.

4.3.1 Viscosity enhancement

The viscosity enhancement affected the oil mobility and capiftamber (ratio of capillary
force to viscous force) and furthermore, the residual oil saturatiomhyMatheses that this
occurred due to the following mechanisms:
(a.)Hydrocarbon degradation
Viscosity reduction occurred due to the breakdown of long-chain meske>
C16) to short chain n-alkanes (<C15) by AR80 (Purwasena et al.,a2@18ugai
et al., 2012). Purwasena et al. (2010) stipulated that AR80 rediligescosity by
40% of its original viscosity after few days of incubationeikanes (n-GHss)
biodegradation process in the anaerobic environment can be represerited b
following global reactions (Jones et al., 2008; Zengler et @99}t
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4C,H, +64H,0 — 32CH,COO™ +32H* + 68H, (5)

68H, +17CO, - 17CH, + 34H,0 (6)
32CH,COO™ +32H" +64H,0 - 128H, + 64CO, (7)
32CH,COO™ +32H* _ 32CH, +32CO, (8)

(b.)Effect of acids/solvents produced
The produced acids (e.g. acetic acid) and solvents, during thegbaohtion of
long-chain n- alkanes as well as due to the yeast extract speciatiotechtfee
viscosity of the oil. The decrease in viscosity ensured increasbdity of the oil
through the reservoir and enhanced the capillary number due todoausiforces.
This later resulted in lower residual oil saturation.

(c.)Influence of produced gases due to
i.  Hydrocarbon degradation stimulated by yeast extract
The produced gas (GHand CQ), elaborated in Equation 6 - 9, caused a
decrease in oil viscosity. This occurred at the oil-water interplasehich
the gases moved from the aqueous state into the oil phase. Hersieg @au
thinning effect of the oil viscosity.

ii.  Hydrolysis of yeast extract during fluid/fluid and fluid/rockeraction
The hydrolysis of yeast extract, which was utilized for AR80 ¢fnow
under anaerobic conditions, resulted in the release qfadH CQ (Soto
et al., 2013). Hydrogeochemical reactions highlighting the formadio
CO, and CH due to the protonation of carbonate ion are represented by
Equations 9 and 10 (Ansah et al.,2018b)

CO,?+2H* & CO,+H,0 (9)
CO,? +10H" + & « CH, +3H,0 (10)

4.3.2 Wettability changes

The incremental oil recovery observed could be attributed to the chiangegability from a
water-wet to more water-wet state. This is explained by thesenggbanisms:
(a.)Influence of microbe and biomass adhesion
Wettability alterations can be due to microbe and biomass attathmeine
oil/rock surface, thereby reducing the organic carbon concentration akidgn
the surface more water wet (Karimi et al 2012; Youssef et al., 2009).
Subsequently, this affected the relative permeability and capilamber by
reducing the interfacial tension effects in the reservoir medium. The irdreas
capillary number was good for incremental oil recovery; this waslighted
during the sensitivity analysis in a later section of thislat

(b.)lon exchange during yeast extract/brine/rock interaction
The effect of divalent and monovalent ion exchange on wettabilityelative
permeability as well as oil recovery is well investigated (Sorayal.et2009;
Ligthelm et al.,2009; Mugele et al., 2015). Ansah et al. (2DHEplored the
effect of yeast extract/brine/rock interaction on wettability due ¢ovHirious ion

8



exchange half reactions occurring between dissolved cations (mainly KGdMg
and the rock surface reversibly. These reactions were partly redpofwilthe
water wet nature of the reservoir, hence, improved oil recovery.

4.3.3 Permeability enhancement and flow effects

Enhancement of the reservoir permeability may have facilitated easyoeément through
the porous media. This effect could be as a result of (i) acetic adicdbther solvents
produced during the breakdown of long chain n-alkanes by AfR8(ii) carbonic acid and
other acids/solvents produced during yeast extract/salt/rock interadtgah et al. (2018b)
predicted the dissolution of rock minerals during the injectibgeast extract for microbe
growth into injected into a 1D single water- wet core occupied dsgrvoir brine and
equilibrated with quartz, k-feldspar and kaolinite. This diggmn action might as well have
been enhanced by the microbe activity.

Also, biomass is known to change the flow pattern by bigrkome pore and pore throats
(Youssef et al., 2009). Formation of biomass, during AR80 drowan be said to have
clogged preferential pathways, thereby increasing sweeping efficidimy. was further
highlighted during the reservoir simulation.

4.4 History match of laboratory data

Figure 4 highlights the history match results for the laboraggperimental data.

A fairly good match was achieved at the MEOR flooding and water dtages but not at
the pre-flush or water flooding stage (Figure 4a). This coaldue to the input data for the
relative permeability, water and oil saturation, and capillary nunmberpolant among other
data sets. Due to the intuitive and qualitative nature of manstrjiimatch, automatic
history match with a quantitative approach was conducted (FigyreAdibomatic history
match (HM) was performed to have a range of plausible HM solutlzer than one precise
HM results. The optimized cumulative oil recovery could be achidgedn enthalpy of
894.2 J/gmol, Arrhenius frequency of 8.3, residual oil saturatioB0% and a log of the
capillary number at microbe flooding stage of -1.26. Also, therhasch was at run #44 with
a minimum global error of 3% (Table 4).

A close comparison between the manual and automatic history matels shprovement
in the matching quality and an average history match errotiasasl0%. These observations
are in agreement with expected indications of better history mgtehsults using artificial
intelligence. Per probabilistic estimation, MEOR could sustaaadly water-flooded well for
a set period of time. Prior to the results presented above, there 0% &r@quency of
increasing the oil recovery by above 20% when a mature water-floesdedvoir further
flooded with AR8O0 for 2 additional years.

5 Senditivity Analysis

In order to establish optimum conditions for MEOR operatioves,performed sensitivity
analysis. Both the effect of shut-in period and dynamic viscesdyction on oil recovery
were investigated. Also, the effect of selected reservoir parameters orecowery,
emphasizing capillary number sensitivity effect on viscous for¢esasibn on oil recovery is
highlighted.



5.1 Shut-in period effect

To evaluate the influence of shut-in period on oil recovery, 3 s@mnénvolving 14,21,28
days) were studied. The results are shown in Figure 5.

It can be observed that shut-in period increment has no effedt @tavery. For instance,
increasing the shut-in period from 14 days (as performed experimeintaiis study) to 21
days caused no significant effect on the total oil recovers iBhdespite the early hike in oil
recovery for the shut-in period of 14 days during water chase. Tiensperiod can be said
to have less or no significant effect on oil viscosity reductesponsible for oil recovery
though it could have a considerable effect on wettability, dfd gas production after the
shut-in period (Behlulgil et al.,1992). Per this, a relativelyr&ncshut-in period to warrant
early incremental oil recovery effect for economical purposes is recodanen

5.2 Dynamic viscosity reduction

Figure 6 highlights the distribution of GOproduced microbe in addition to light oil
production, before and at the end of the simulation with time.

Per this present study, the €OH, levels for the wells do show an increasing value until
viscosity effects bring it down. This can also be an indioatow CQ, plus CH, propagation
through the reservoir (Ansah et al., 2018b) (Figures 6a). Thigasly elaborated in Figure
6¢, the production of light oil increases gradually at the watediim stage but increases
sharply after microbe injection and shut-in period. Figure 6b shavsharp increase in
microbe production during the shut-in period which decreasesaftgrtvards.

Specifically, in this study, the decrease in oil viscosityhatwater flooding stage is as a
result of the yeast extract speciation which is bound to lea®t@@d CH production (Soto
et., 2013). Whereas, at the MEOR flooding stage, the visaesityction is accounted for by
mechanisms as explained earlier. These two mechanisms, therefore, acctiwnhiginer oil
recovery caused by the increase of the capillary number as a conseqbi¢he relatively
low IFT as well as oil viscosity reduction.

5.3 Capillary number sensitivity

Figure 7 displays that there is a strong correlation between oilagcand DTRAP (log of
the capillary number) and subsequently, capillary pressure.

In all cases, as the capillary number increases (DTRAP from -3.5)tmit recovery
increased from 51.2 to 58%. Conclusively, the high capillarybarmwas noted to yield very
low residual oil saturation, hence, high oil recovery. With thewkedge that the capillary
number characterizes the relation of viscous forces to interfacial tersiomcrease in
capillary number suggests a positive flow by permitting watemioibe into small pores
whiles displacing oil into large pores for recovery. Also,iltay pressure is seen to be a
function of the non-wetting phase (oil). At log of capillary nemfDTRAP) equals -3.5, the
trapped non-wetting phase become mobile and is pushed out pbteée. Thus, low oll
saturation is thereby influenced by high capillary number. Alstative permeability and
wettability action can be related to microbe adhesion to the roclacsureven though
adhesion was not considered in this study. As earlier stadetgria are known to form patch
layer on oil/rock surface and in effect, remove organic compourdisnaterials such as CO
resulting in wettability changes. (Karimi et al., 2012).
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54 Yeast extract effect on oil recovery

Microbe nutrient (precisely yeast extract) and microbe injection shegveere varied using
CMOST to access its effect on MEOR recovery. In contrast to reselemnged by Sugai et
al., (2014), increasing the yeast extract concentration (from 0.1-1%tvéigs less or no
significant effect on the oil viscosity and subsequent recovagyle 8).

Hence, excess yeast extract concentration is not a prerequisite foroviémeacrement;
rather just the adequate economical amount is needed for maximum micoviod and
metabolite production. This is so because, in a closed sy#tenmicrobe cells adapt to a
fixed concentration in the reservoir at any particular growth. Wet ateast extract might
affect cumulative oil recovered when it is steadily (or continuotesty thereby resulting in
increasing microbe growth.

6 Summary and Conclusion

This research investigated MEOR to predict and quantify the amtigrtof production
forecast in terms of a cumulative probability distribution byngscore - flooding
experiments, artificial intelligence and Monte Carlo simulation teghes. History match
error for the model was less than 3% using an atrtificial intelligencke This study has
demonstrated that through systematic simulation consideringphygical and biochemical
parameters, the uncertainties in predicting MEOR can be enlighteinedey findings are:

1. More broadly, the results contribute to knowledge about thenpat of successful
utilization of a Petrotoga species for MEOR and the methanogiEgradation of
longer-chain n- alkanes by AR80 present in anaerobic and thermaghillonments.
The results indicated AR80 treated experiments produced almost @%r hog
recovery than abiotic experiments.

2. The main oil recovery mechanisms can be attributed to viscoshgneement,
wettability changes, permeability and flow effects.

3. Reservoir shut-in period during MEOR operations have less ogndisant effect on
oil viscosity reduction responsible for oil recovery.

4. The model results demonstrated that MEOR could enhance theealery
significantly if a larger capillary number (betweenl@nd 10%?) is attained. Also,
there is a 20% frequency of increasing the oil recovery by aboven2®x a mature
water-flooded reservoir further flooded with AR80 for 2 additioresdrg.

5. Increasing the yeast extract concentration (from 0.1- 1.1% weight)elBador no
significant effect on the oil viscosity and subsequent recovecause, in a closed
system, the microbe cells adapt to a fixed concentration in the ogsatvany
particular growth.

6. The combined supply of CQOand yeast extract (protein — rich matter) to oil field
formation waters resulted in the stimulation of microbe growth suftsequent oil
biodegradation by AR80 at reservoir conditions (anaerobic and thbilcdp
conditions. Also, the results confirmed the production of; GiHd CQ by both
biogenic means and the hydrolysis of yeast extract used to ssrmilaiobe growth.

7. Further work is therefore desired to elaborate the combined injecti@©ofnd a
protein-rich matter into a reservoir since this could represent ammimapproach to
reduce CQ@ emissions and EOR. Also, enlightenment on the methanogathiway
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by AR80 and other petrotoga species in this regard is relevahiotechnology
application for heavy oil recovery.

Acknowledgements

The authors would like to extend a hand of appreciation to thep@emModelling Group
for their support towards using CMG-Stars and CMOST. Also, nthahkfulness to the
Ministry of Education, Science and Technology (MEXT) of Japan dupporting this
research.

Funding
This work was financially supported by JSPS KAKENHI; Grantiber JP16K14524.

Declaration of interest
The authors declare no conflict of interest.

References

Akindipe, D., 2016Evaluation of Microbial Enhanced Oil Recovery usitie MRST
Simulator Master's thesis, NTNU.

Armstrong, R.T. and Wildenschild, D., 2012. Investigatihg pore-scale mechanisms of
microbial enhanced oil recoveryournal of Petroleum Science and Engineerbg pp.155-
164.

Ansah E.O, Sugai Y., and Sasaki K.,2018a. Geological tect@mdsphysio-chemical
metrics as screening criteria for MEOR applicability in West Africa transt@gional oil
wells — a reviewlInt. J. Petroleum Engineering(2), pp. 116 — 137.

Ansah E.O, Sugai Y., and Sasaki K.,2018b. Modeling microbélced oil viscosity
reduction: Effect of temperature, salinity and nutrient concentrafietroleum Science and
Technologypp. 1 — 7, doi: 10.1080/10916466.2018.1463253

Amundsen, A., 201%icrobial Enhanced Oil Recovery-Modeling and Nuroaki
Simulations Master's thesis, NTNU.

Babatunde, S.O., 201Klodeling of Oil Reservoirs with Focus On Microbikdduced
Effects Master's thesis, The University of Bergen.

Behlulgil, K., Mehmetoglu, T. and Donmez, S., 1992. Agailon of microbial enhanced
oil recovery technique to a Turkish heavy @ipplied Microbiology and
Biotechnology36(6), pp.833-835.

Bozorg, A., 2013Interactions between Biofilm Growth and Fluid FlawPorous Media
Doctoral dissertation, University of Calgary.

Bryant, R. S. and Burchfield, T. E.,1989. Review of microt@ahnology for improving oil
recovery.SPE Reservoir Engineering(2), pp. 151-154. doi: 10.2118/16646-PA.

Bryant, R.S. and Douglas, J., 1988. Evaluation of micrafjatems in porous media for
EOR.SPE Reservoir Engineering(02), pp.489-495.

Bryant, S.L. and Lockhart, T.P., 2002. Reservoir engineednglysis of microbial
enhanced oil recover$sPE Reservoir Evaluation & Engineerirgf05), pp.365-374.

Bueltemeier, H., Alkan, H. and Amro, M., 2014, March. A newdeslimg approach to
MEOR calibrated by bacterial growth and metabolite curveSPIE EOR Conference at Oil
and Gas West AsidMarch 31- April 2, Muscat, Oman.

12



Chatzis, I. and Morrow, N.R., 1984. Correlation of capillatynber relationships for
sandstoneSociety of Petroleum Engineers Jourri24(05), pp.555-562.

Coombe, D.A., Jack, T., Voordouw, G., Zhang, F., Clay,aBd Miner, K., 2010.
Simulation of bacterial souring control in an Alberta heavy-oil reserdournal of
Canadian Petroleum Technolagh®(05), pp.19-26.

Desouky, S.M., Abdel-Daim, M.M., Sayyouh, M.H. and Dahalg., 1996. Modelling and
laboratory investigation of microbial enhanced oil recovdournal of Petroleum Science
and Engineeringl5(2-4), pp.309-320.

Goldman, J.C. and Carpenter, E.J., 1974. A kinetic approdble &ffect of temperature on
algal growth Limnology and Oceanograph¥9(5), pp.756-766.

Govreau, B., Marcotte, B., Sheehy, A., Town, K., Zahner, Bpp€r, S. and Akintunji, F.,
2013. Field applications of organic oil recovery—a new MEOR methoBnhanced Oil
Recovery Field Case Studjgs. 581-614.

Hosseininoosheri, P., 201B6urther model development and application of UTCHEWI
microbial enhanced oil recovery and reservoir sagyiDoctoral dissertation, University of
Texas.

Huang, L., Hwang, A. and Phillips, J. 2011 Effect of tempeeatur microbial growth rate-
mathematical analysis: The Arrhenius and Eyring-Polanyi connectimsnal of Food
Science76(8), pp. 553-560. doi: 10.1111/j.1750-3841.20137G2

Islam, M.R. 1990. Mathematical modeling of microbial enhancedeaibvery.65th SPE
Annual. Tech. Conf. Exhibitiorsept. 21-26, New Orleans, La., USA, SPE 20480, pp. 159-
168.

Islam, M.R. and Gianetto, A., 1993. Mathematical modelling sraling up of microbial
enhanced oil recoveryournal of Canadian Petroleum Technolp82(04).

Jones, D.M., Head, .M., Gray, N.D., Adams, J.J., Rowal,, Aitken, C.M., Bennett, B.,
Huang, H., Brown, A., Bowler, B.F.J. and Oldenburg, TQ&QCrude-oil biodegradation via
methanogenesis in subsurface petroleum reseriatsire 451(7175), pp.176-180.

Kaster, K.M., Hiorth, A., Kjeilen-Eilertsen, G., Boccadoro, Kghne, A., Berland, H.,
Stavland, A. and Brakstad, O.G. 2012. Mechanisms involvedi@nobially enhanced oll
recovery.Transport in Porous Medj®1(1), pp.59-79.

Karimi, M., Mahmoodi, M., Niazi, A., Al-Wahaibi, Y. and Ayadtahi, S. 2012.
Investigating wettability alteration during MEOR process, acraimacro scale
analysisColloids and Surfaces B: Biointerfac&s, pp.129-136.

Ligthelm, D.J., Gronsveld, J., Hofman, J., Brussee, N., Miardel and van der Linde, H.,
2009. Novel waterflooding strategy by manipulation of ingttibrine composition. In
EUROPEC/EAGE conference and exhibiti8AlL1 June, Amsterdam, The Netherlands.

Miranda-Tello, E., Fardeau, M.L., Joulian, C., Magot, M.pMas, P., Tholozan, J.L. and
Ollivier, B. 2007. Petrotoga halophila sp. nov., a thermlap moderately halophilic,
fermentative bacterium isolated from an offshore oil well in Cohgernational Journal of
Systematic and Evolutionary Microbiolqdy7(1), pp.40-44.

Mugele, F., Bera, B., Cavalli, A., Siretanu, I., Maestro, Aujt§ M., Cohen-Stuart, M.,
Van Den Ende, D., Stocker, I. and Collins, I. 2015. losoggtion-induced wetting transition
in oil-water-mineral system&cientific Reportss, pp.10519.

Mustafiz, S. and Islam, M.R. 2008. State-of-the-art petroleum erves
simulation.Petroleum Science and Technolpg§(10-11), pp.1303-1329.

Nielsen, S.M., Shapiro, A., Stenby, E.H. and Michelsen, NQ10.Microbial enhanced
oil recovery-advanced reservoir simulatiddoctoral dissertation, Technical University of
Denmark (DTU)

13



Purwasena, I.A., Sugai, Y. and Sasaki, K. 2009. Estimatiaimeo Potential of an Oil-
Viscosity-Reducing Bacteria, Petrotoga Isolated from an Oilfield fROR. Ininternational
Petroleum Technology Conferen@e- 9 December, Doha, Qatar.

Rashedi, H., Yazdian, F. and Naghizadeh, S. 2012. Microbisdreed oil recovery.
In Introduction to Enhanced Oil Recovery (EOR) Proessand Bioremediation of Oil-
Contaminated SitesnTech.

Sen, R., 2008. Biotechnology in petroleum recovery: The miatdbOR.Progress in
Energy and Combustion Scien8é(6), pp.714-724.

Safdel, M., Anbaz, M.A., Daryasafar, A. and Jamialahmadi, M7 2Microbial enhanced
oil recovery, a critical review on worldwide implemented field trials different
countriesRenewable and Sustainable Energy Reviéd9p.159-172.

Spirov, P., Ivanova, Y. and Rudyk, S. 2014. Modellifignicrobial enhanced oil recovery
application using anaerobic gas-producing bact&roleum Sciengell(2), pp. 272-278.
doi: 10.1007/s12182-014-0340-7.

Soto, M., Méndez, R. and Lema, J.M. 1993. Methanogenic amsénethanogenic activity
tests. Theoretical basis and experimental sétlgier Researcl27(8), pp.1361-1376.

Soraya B, Malick C, Philippe C, Bertin HJ, Hamon G. 200®.rézovery by low-salinity
brine injection: Laboratory results on outcrop and reservoir coféSPE Annual Technical
Conference and Exhibitiod-7 October, New Orleans, Louisiana, USA.

Sugai, Y., Komatsu, K., Sasaki, K., Mogensen, K. and Beenetd.V. 2014. Microbial-
induced oil viscosity reduction by selective degradation ofcimain alkanes. I1Abu Dhabi
International Petroleum Exhibition and Confererica— 15 November, Abu Dhabi, UAE.

Sugai, Y. 2013 Challenges to advance Microbial EOR to a practicRl E@urnal of the
Japanese Association for Petroleum Techngl@§y6), pp. 455-462.

Sugai, Y., Purwasena, I.A., Sasaki, K., Fujiwara, K., Hattériand Okatsu, K., 2012.
Experimental studies on indigenous hydrocarbon-degrading andgeydproducing bacteria
in an oilfield for the microbial restoration of natural gas deposite CO2 sequestration.
Journal of Natural Gas Science and Engineeritgpp.31-41.

Sugai, Y., Hong, C., Chida, T. and Enomoto, H. 200ifmufation studies on the
mechanisms and performances of MEOR using a polymer producing ng@ngsm
Clostridium sp. TU-15A. IrAsia Pacific Oil and Gas Conference and Exhibitid@ October
— 1 November, Jakarta, Indonesia.

Thrasher, D.R., Puckett, D.A., Pospisil, G., Vance, I., Bs\VA., Beattie, G., Boccardo, G.
and Jackson, S.C. 2010. MEOR from lab to fieldSRE Improved Oil Recovery Symposium
24 - 28 April 2010, Tulsa, Oklahoma, USA.

Youssef, N., Elshahed, M.S. and Mclnerney, M.J., 200@rdbial processes in oil fields:
culprits, problems, and opportunitidsdvances in Applied Microbiologg6, pp.141-251.

Zwietering, M.H., De Koos, J.T., Hasenack, B.E., De Wiff. &nd Van't Riet, K. 1991.
Modelling of bacterial growth as a function of temperatd@plied and Environmental
Microbiology, 57(4), pp.1094-1101.

Zengler, K., Richnow, H.H., Rossell6-Mora, R., Michaelis, Wd aifiddel, F., 1999.
Methane formation from long-chain alkanes by anaerobic microorganidiature
401(6750), pp.266-269.

14



List of figuresand tables

Oil Saturation
(fraction)

Figure 1 Homogeneous laboratory core model used in this study elalgptié@nnjection

(INJTR) and production (PRODN) wells

15



o Data
— Ist-order
07k —2nd-order| |
—4th-order

Growth Rate (1/day)
o < o
(O8] = W

T T T

=
N8}
T

Ol | | | 1
30 40 50 60 70 80 90
Temperature (C)

(a) Growth rate and temperature relations elaborating®pr?"f and 4" thermodynamic
reaction orders.

0.9 T T T T T T T T T T T T T T

0.8+
0.7+

0.6+

0.5+

Predicted Growth Rate (1/day)

| ®  Experiment }
— Predicted
0.4+ .
0.3+ .
0.2+ .
01 T T T

T T T T T T T T T T T T
0. 02 03 04 05 06 07 08 09
Experimental Growth Rate (1/day)

(b) Experimental and predicted microbe growth modelling.
Figure 2 Arrhenius reaction model.

16



55 T T T T

T I T T T I T I
~— BF ——AR8B0—> WF ——»
E E '0. o0® e o
50 ..E..oo.-l:"" -
[ J 1 |
[ J | |
—~ . | i
S 45- . i E i
P d | |
2 X I B E N
9 ® AAAAAAANAASLS MAAMAAL AAM A 4
A ™ | |
) 40 | | | _
n'd A | | P2 X X B 4
= o - : QM‘M
O A " TR 4 :
= oo® | e Al
35 u ‘00 | ' ¢ Bl _
] E E A B2
* ! ! = A2
A . : E
30 T T T T f T T E— T T T
0 1 2 3 4 5 6

Pore Volume Injected (-)

Figure 3 Core flooding results for only brine flooding (A1 and A2) ancanaiial flooding
(E1 and E2)

|
ARS0 — WF ——
|

Oil Recovery (%)

O O T T T T T T
0 1 2 3 4 5 6

Pore Volume Injected (-)

17



(a) Manual history matching for the pre-flush (BF), nolse injection and well shut-in
(ARB8O) as well as the post - flush stages (WFheflaboratory data.
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(b) Automatic history match of laboratory data showénglausible range of results using

artificial intelligence.
Figure 4 History match of laboratory data
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Figure 5 Effect of the shut-in period on oil recovery for, PA and 28 shut-in days. Shut —in
involved shutting both the producer and injectolisvior the stipulated time.
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Table 1 lonic composition of brine used for enrichment A&8t80) culture mediurfi

Na'": 3075 K 30 ca": 5 Mg 3 NH,": 15

CI: 2500 .15 HBQ™: 250 HCO'": 4000

T-Fe: 2 Acetic acid: Formic acid: 2.2  Lactic acid: <0.1 Propionic aciet:

4.3 0.1
aComposition is given in ppm
Table 2 Core flooding experiments data
Berea sandstone and oil properties
Experiment code Al A2 Bl B2
Treatment Treated by AR80 Control
Core length (cm) 7.0
Core diameter (cm) 0.38
Pore volume (mL) 16.48 16.31 16.26 16.55
Porosity (%) 20.65 20.44 20.37 20.73
Absolute permeability (mD) 300
Oil viscosity (cP) 7.0 at 60°C
Initial oil saturation (%) 38.65 37.40 35.55 34.75
Pre-flush (BF)
PV injected during BF 3.0 3.0 3.0 3.0
Average injection rate (PV/hr) 1.17 1.40 1.56 1.35
ARB80 Flooding
PV of injected culture 3.0 with AR80 3.0 without microbe
Average injection rate (PV/hr) 1.10
Shut-in period 14 days
Water chase (WF)

PV injected during WF 3.0 3.16 3.0 3.0
Average injection rate (PV/hr) 0.80 1.10 1.34 1.00
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Table 3 Simulation input data

Formation Fluid Injection Data

Treatment Treated with AR80
PV injected during BF 3.0
PV injected culture medium with AR80 3.0
Shut-in period (days) 14
PV injected during WF 2.5
Core flood Data
Reservoir size (m) 7x0.1x0.1
Number of grid blocks (cm) 40x1x1
Grid block size (cm) 0.2x0.1x0.1
Initial reservoir temperaturéQ) 70
Initial reservoir pressure (MPa) 6
Pore volume (mL) 16.5
Porosity (%) 20.7
Absolute Permeability (mD) 300
Oil Viscosity at 60°C (cP) 7
Initial water saturation (%) 61.3
Initial Oil Saturation (%) 38.7

Table 4 Selected experimental runs showing combinatiorpafameters, cumulative oil
recovery and history match error

Cumulative HM
DTRAP DTRAP ENTHALP FREQFA SOR oil recovery Error

D  W() Y () Y (J/gmol) C(-) W (-) (m*10°) (%)
44  -3.17 -2.26 706.3 8.22  0.2008 2.29 3.62
73 -4.21 -3.52 791.0 6.06  0.1902 2.40 4.03
12

8 -4.35 1.29 574.3 458  0.2126 2.16 5.20
14  -4.18 -1.50 898.8 5.92  0.2152 2.13 5.35
64  -4.48 -4.32 871.8 7.75  0.1978 2.32 5.67
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Highlights:

1.

Core flooding experiments and modelling of an agdcesity reducing microbe for
EOR is considered.

A logistic growth model for the microbes is deveddpand incorporated in a
commercial simulator.

Automatic history matching and artificial intelligee study are proposed to model
MEOR activities to easily predict uncertainty.

Varying both the nutrient (yeast extract) conceidraand shut-in period had less or
no significant effect on the oil viscosity and sedpgsent recovery.

MEOR could enhance oil recovery significantly ilaager capillary number (between
10° and 10%9) is attained.



