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Abstract- With the decline in oil discoveries during the ldstcades it is believed that Enhanced oil recovery
technologies will play a significant role to meéietenergy demand in next years. This paper presents
comprehensive review of enhanced oil recovery (E&R)us and opportunities to increase final oilbwery
factors in reservoirs ranging from extra heavy toil gas condensate. Specifically, Enhanced oil regov
opportunities organized by reservoir lithology arftshore and onshore fields.

Index Terms- Enhanced Oil Recovery, Carbon Dioxide (CO2), Mial Bio-Products, Biopolymers, Plasma-
pulse action, Chemical Flooding.

1. INTRODUCTION and measures the effectiveness of the displacind fl

In the last few years, Enhanced Oil Recovery (EOIQ | Moving the (.)” at those places |n_the rock _Wmam
|ﬁplacmg fluid contacts the oil. For instance,

processes have re-gained interest from the researc . - : .
icroscopic efficiency can be increased by reducing

and development phases to the oilfield EOR o . . :
) : . ; capillary forces or interfacial tension between the
implementation. This renewed interest has beef

furthered by the current high oil price environmenttjl.ls'ma‘.:Ing fluid and .0" or by dec_reas_lng the ol
viscosity. Macroscopic or volumetric displacement

the increasing worldwide oil demand, the maturatiogfﬁciency refers to the effectiveness of the disjrg
of oilfields worldwide [1]. Hydrocarbon recovery fluid in contacting the reservoir in a volumetriense

occurs through two main processes. primary recoveig_s]. Volumetric displacement efficiency also kmow
and supplementary recovery. Primary recovery refeass conformance indicates the effectiveness of the
to the volume of hydrocarbon produced by the natur%isplacing fluid in sweeping out the volume of a

energy preva_ullng in the re.servqlr and/or artificié reservoir, both areally and vertically, as well hasv
through a single wellbore; while supplementary or

secondary hydrocarbon recovery refers to the volu effectively the displacing fluid moves the displdl

of hydrocarbon produced as a result of the add'mibnnlgward _productlon Wellg._ Flgur.e 1 presents a
: ; c schematic of sweep efficiencies: microscopic and
energy into the reservoir, such as fluid injectitm,

. - ... ' macroscopic. The overall displacement efficiency of
complement or increase the original energy withia t . :
. any oil recovery displacement process can be
reservoir [2].

. increased by improving the mobility ratio or by
Efo ﬁugggerzr:g tZigfcovﬁg ?Tocr)'rlng}lroug:]eg;tmf:m thPjncreasing the capillary number or both. Mobiliatio
e senol oy yp is defined as the mobility of the displacing fluid

EOR processes are classified in five genera(aivided by the mobility of the displaced fluid.

categories: mobility-control, chem|cal,_ mL?‘C'ble’For water floods, this is the ratio of water to oil
thermal, and other processes, such as microbial. EO

The injected fluids must accomplish several objesti ll%Ob'“tles' The mo_b|I|ty ratio, M, for a Water fldas
. . . iven by the following expression:
like Boost the natural energy in the reservoir and

interact with the reservoir rock/oil system to d¢eea Mobility,, Ae Kooltw K y
conditions favorable for residual oil recovery thatyy = ——"2tr W THW T :Kﬂ —2
include among others viz., Reduction of the inteigfa Mobilityg A Kolug ro  Hw

tension between the displacing fluid and oil, Iase

the capillary number, Reduce capillary forcesWhere, 4w and 4: are water and oil mobilities,
Increase the drive water viscosity, Provide mopilit respectively, in md/cp; krw and kro are relative
control, Oil swelling, Oil viscosity reduction, permeabilities to water and oil, respectively #isoil
Alteratlpn of the reservoir rock wettab|_l|ty [3_-5]. viscosity anctw is water viscosity.

The ultimate goal of EOR processes is to increhse ty/olumetric sweep efficiency increases as M

overall oil displacement efficiency, which is a étion decreases, therefore mobility ratio is an indicatis

Of. _microscopic and_ ma(_:r_oscopic displacemeqtne stability of a displacement process, with flow
efficiency. Microscopic efficiency refers to thebecoming unstable when M> 1.0

displacement or mobilization of oil at the porelsca
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Figure 1: Schematics of microscopic and macroscepweep efficiencies

Thus, a large viscosity contrast between the dispdp trapped by capillary forces at the pore scale. THus
fluid and the displaced fluid causes a large mghbili the capillary number is increased through the
ratio which promotes the fingering of water throughapplication of EOR processes, residual oil will be
the more viscous oil and reduces the oil recovemnobilized and recovered. The most practical
efficiency. As such mobility ratio can be improvied alternative to significantly increase the capillary
increasing the drive water viscosity using polymers number is through the application of surfactants or
At the end of the water flooding process, experencalkaline flooding.

has shown that at these low capillary numbers an

important amount of oil is left behind in the ressr

Typical EOR process
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Figure 2: Common EOR fluid injection sequence

Some of the requirements for the ideal enhanced dfficiency, efficient reductions of interfacial t&aon
recovery: Appropriate propagation of fluids and/obetween oil and water [6].
chemicals deep inside the reservoir rock, low or
minimum chemical adsorption, mechanicalEnhanced oil recovery technology has been practiced
entrapment, and chemical consumption onto theyr decades, and the petroleum industry has agtivel
format!on ro;k, fluu_js_ and/or chemicals to!eranoe toperated towards the advancement of EOR
formation brine salinity and hardness, fluids and/o .

) . ; . technology, there are still several challengeshe t
chemicals stability to high reservoir temperatures, ) )
polymers stability to mechanical degradation/MPlementation of EOR projects that must be

advanced polymer mobility-control to improve swee@Vercome.
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2. LITERATURE REVIEW However, these processes have not been fully proven

and did not receive large attention in the petnwleu

'[&A\I{"IA?%ZLAL AHISOUDl_':AAA;\ISEX@SLl’ M OSH ABSAHFQQQB industry .due to sevgral reasons that are also $hecu _
MARYAM ZAI’?EIE 2007] In the present study’the One major reason is the absence of standardiziedd fie
! ; . results and post-trial analysis and the lack of
authors have analyzed the microbial enhanced U uctured  research methodology.  Also,  the
recovery (MEOR) technique in fractured porous medi%consistent technical performance ' and Iéck of
using etched-glass micromodels. Three identica”Mnderstanding of the mechanism of oil recovery
patterned micromodels with different fracture anglecontributed to the fact that MEOR received little
orientation of inclined_, ve_rtical and h_o_rizontal thvi interest in the petroleum industry. MEOR procedses
;re;criﬁ(r:é dto r;zzeﬁlomailre;tslgn l:/;eerde E[J(gl“zc%drﬁ A nor:-be well accepted and successful, extensive labgrato
. ; pare iWésts are required prior to field implementation to
efficiency Of. MEOR in fractured apd non-fractured elect the suitable microbes, to understand their

Ec;rcci)ﬁjsrgﬁgltﬁ{g(g%igspﬁ?agzaa?(gf&augﬁéebempljoye%“’““h requirements and production conditions [13].
and Leuconostoc mesenteroides (an exopolym
producing bacterium). The results show that highier

recovery efficiency can be achieved by usin

efK. BROWN, W. JAZRAWI, R. MOBERG, M.
WILSON, 2010] In this paper author has concentrated

biosurfactant-producing bacterium in fractured p@ro n the Enhanced Oil Recovery Project, the progéss

. ; . . the CO2 flood, and the goals of the Monitoring
media. Considerable permeability reduction Waﬁ’roject Particular emphasis is placed on
observed when the biopolymer-producing baCtenﬁpderstanding how the monitoring project will help

were incubated in sand-packed column. The mlcrOb'%etermine the capacity of oil reservairs to re@n2

oil recovery efficiency by using blosurfactant-for the long-term. Injection of CO2 into a carbanat

pg?gﬂg'?geggc}:rﬁ géer' tr?éns:jhb;thz‘ tlrr:etrlintrf?gur oil reservoir in south eastern Saskatchewan, Canada
Fnedia High oll recgover efficiency was achieved in. o N September 22, 2000. Prior to the start of

- Mg y e y . Injection, substantial baseline data were obtafneah
the fractured porous media when the biosurfacta

roducing bacteria were used as the microbialimgat the field. This baseline data include extensivera@
P 9 work (3D-seismic, VSP, cross-well and single-well

a_gent_mostly Que to t_he |nterfaC|aI__tenS|0_n angeismic) and geochemical sampling. The monitoring
viscosity reduction. No sign of wettability altaoat &roject will evaluate the distribution of CO2 in a

was observed during the MEOR process using bo ' : . .
. . . . carbonate reservoir and will determine the chemical
biosurfactant and biopolymer-producing bacterig.[11 . . . :
reactions that are occurring within the reservoir

between the CO2 and the reservoir rock and fluids.
[Il. LAZAR, I. G. PETRISOR AND T. F. YEN, 2007] The ultimate goal of the monitoring project is &rify

:‘gcg\]/l; pap?&égtg;) ' srtgd?/esl\éllnctrsob |aLtIh§nhaLnsceed (c))'#he long-term storage capacity of an oil reserwaith
Y P articular emphasis on  reservoir integrity.

:25;?\?552”??5 tgghr?iXtLZC:]atg(tehererg?éwtrig tg!t;o nderstanding how CO2 moves within and interacts
: q P with the reservoir fluids and minerals will allow a

efficient in the extraction of oil remained trappied determination of total reservoir capacity should2CO

capillary pores of the formation rock or in areaz n torage become the ultimate goal. On a short-term

swept by the classical or modern enhanced ﬁ ; - . . )
recovery (EOR) methods, such as combustion, stea(r?q)saS'S' the monitoring will identify new, cost-effive

miscible displacement, caustic surfactant-polyme Ways to track the path of CO2 in any oil reservilie

. . onitoring study will also identify the most effaet
flooding, etc. successful MEOR applications shdadd f g y h - ffycoz in th .
. ways of assessing the motion o in the reservoi
focused on water floods, where a continuous water - S
) . and understanding the optimization of CO2 storage a
phase enables the introduction of the technology o]

I . e . .

) . . . . . osed to necessarily optimizing oil recovery alon
single-well  stimulation  (including skin damageur:]%erstanding CO2 néllovgment \?vill help to grovide
. ) . ; . the information necessary to develop strategies to
choice. At the same time, s_elect|_ve p'ugg'ﬂg Syiate improve sweep efficiency within the reservoir. Véhil
and activation of stratal microbiota remain the mosnot discussed in the text of this paper, one ofgtels
promising and should be developed [12]. of this study is to study mobility control in the

reservoir. Effective injection strategies, incluglithe
[H. AL-SULAIMANI, S. JOSHI, Y. AL-WAHAIBI, possible use of mobility control techniques, will

S. AL-BAHRY, A. ELSHAFIE, A. AL- BEMANI, improve sweep efficiency and potentially incredse t
2011] In this paper author have proposed the usés a P p et Y P afly Incre
. . L ; volume of reservoir holding CO2. While injectionsha
types of different microbial bioproducts availalaled . e e
. . ! nly just begun, initial indications are that thare no
various recovery mechanisms are discussed,

Successful MEOR field trials around the world aregn;g}ﬁg:ﬁ;e itm\iveacsfw;;%/ssilslseu?s. coFI’IZ(gtr at(;uulrglej;gon

summarized which shows the potential of this . :
technology as alternative ol rgcovery methodgeochemmal samples for analysis and to undertake a
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number of geophysical surveys using a variety dbrm connected streams of oil that span the floly ce
techniques. The data quality appear to be good frothus creating an even larger oil-production eff&éq.
these programs. It should be possible to determine
with some confidence the longer-term consequencés J DOOLEY, R. T DAHOWSKI, C. L DAVIDSON,
of greenhouse gas injection into the subsurfacettamd 2010] In this paper author have examines the héstor
integrity of storage. The risk analysis will evatughe evolution of CO2-EOR in the United States and
potential for leakage, migration paths this leakagy concludes that estimates of the cost of CO2-EOR
take and future land-use changes that may impact production or the extent of CO2 pipeline networks
reservoir integrity [14]. based upon this energy security-driven promotion of
CO2-EOR do not provide a robust platform for
[STEVEN R. PRIDE, EIRIK G. FLEKKOY, AND spurring the commercial deployment of carbon
OLAV AURSJO, 2008] In this paper author providesdioxide capture and storage technologies (CCS) as a
the pore-scale effects of seismic stimulation on-tw means of reducing greenhouse gas emissions. The
phase flow are modelled numerically in random 2[paper notes that the evolving regulatory framewviork
grain-pack geometries. Seismic stimulation aims t€CS makes a clear distinction between CO2-EOR and
enhance oil production by sending seismic waveSCS and the authors examine arguments in the
across a reservoir to liberate immobile patchesilof technical literature about the ability for CO2-E@R
For seismic amplitudes above a well-definedjenerate offsetting revenue to accelerate the
analytically expressed dimensionless criterion, theommercial deployment of CCS systems in the
force perturbation associated with the waves indeeslectric power and industrial sectors of the econpom
can liberate oil trapped on capillary barriers getlit The authors conclude that the past 35 years of CO2-
flowing again under the background pressure gradierEOR in the U.S. have been important for boosting
Subsequent coalescence of the freed oil droplats adomestic oil production and delivering proven sygste
to enhance oil movement further because long@omponents for future CCS systems. However, though
bubbles overcome capillary barriers more efficigntl there is no reason to suggest that CO2-EOR wik&ea
than shorter bubbles do. Poroelasticity theoryrefi to deliver these benefits, there is also littlestmgest
the effective force that a seismic wave adds to ththat CO2-EOR is a necessary or significantly
background fluid-pressure gradient. The latticebeneficial step towards the commercial deploymént o
Boltzmann model in two dimensions is used tdCCS as a means of addressing climate change [16].
perform pore-scale numerical simulations[SCOTT C. JACKSON, DUPONT, ALBERT W.
Dimensionless numbers groups of material and fore&l. SOP, DUPONT, ROBERT FALLON, 2010] In this
parameters involved in seismic stimulation wergaper author observed the demonstrated two
defined carefully so that numerical simulations Idou mechanisms that exceeded, in the lab, the targeted
be applied to field-scale conditions. Using definedncrease in the recovery factor. 1. Improved sweep
analytical criteria, there is a significant rangé oefficiency by plugging of high permeable zones
reservoir conditions over which seismic stimulatiorthereby forcing water to produce oil from previgusl
can be expected to enhance oil production. Thidystuunswept parts of the reservoir. 2. Reduced oilckro
is supported strongly by numerical simulationssurface tension resulting in a change in the wityab
Seismic stimulation will mobilize trapped oil, thusof the rock and lower residual oil saturation. This
increasing oil production, when two dimensionlespaper describes the field data used to demongtrate
criteria are met. The first condition is the stdticce  effectiveness of the improved sweep efficiency by
requirement that when a seismic wave pushes onuaing a microbe to plug high permeable zones in a
trapped oil bubble, the radius of curvature of théarget reservoir — called bioplugging.
downstream meniscus of the bubble is reducethe microbe and the nutrients are tailored to the
sufficiently to get through the pore-throat coretton  conditions of each reservoir thus giving MEOR the
that is blocking its downstream progress. The sgcomgreatest chance for success. We have tested the
condition is the dynamic requirement that in aeyal  efficacy of the microbial treatment with a seriefls o
the time-harmonic stimulation, the meniscus haslim tube tests and interwell tests. Oil productias
enough time to advance through the constrictiomcreased in the field by 15 to 20% with a
before the seismic force changes direction andnsegicorresponding reduction in water cut. Our ongoing
to push the meniscus upstream. These two conditiorssearch has provided many insights into the
can be achieved by using sufficiently large stirtiata  appropriate application of microbial EOR. The umiqu
amplitudes and sufficiently small stimulationaspects of each production area, the nature obithe
frequencies. Numerical results pertained to lowkr o the water, the formation matrix, and the background
volume fractions for which the stimulation-inducedmicrobial population and their complex interactions
coalescence of bubbles did not result in a contisuo must all be assessed when considering the potential
stream of oil spanning the flow cell under study. Aapplication of microbial EOR. The amount of work
slightly larger oil-volume fractions, stimulatiorar described for assessing potential MEOR mechanisms
is extensive. However, this process has been
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streamlined and we have been able to assess new and Exhibition. Beijing, China, 8-10 June: Society
target reservoirs for potential MEOR treatments of Petroleum Engineers, 2010.

quickly [17]. [2] Lyons W. & Plisga, B. S. (Eds). Standard
[ALEKSANDR VALERYEVICH MAKSYUTIN, Handbook of Petroleum & Natural Gas
RADMIR RASIMOVICH KHUSAINOV, 2014] In Engineering (Second edition). Burlington, MA:

this paper author study Provides information on the Elsevier Inc. ISBN-13:978-0-7506-7785-1, 2005.
current high-viscosity oil in Russia and the worg, [3] Satter A., Igbal, G. & Buchwalter, J. Practical
well as the main challenges for their development a ~ Enhanced  Reservoir  Engineering. ~ Tulsa,
possible potential ways of this crude hydrocarbo OkIahoma_l: Pe“{‘We” , 2008. .
stimulation from the depths. The experimenta4] Babadagllé T, t')l'_g_rr_lpergtu;e ef‘fec('; on heav_y-?H
researches technique and results of studying the T]%%(:xg[yof I%/e![?(q)leluﬁ;ogcligncrgcamzieEnrgeiflee}revr(i)rllrgsi 4
influence of the plasma-pulse action technologyhen 197-208. 1996 '
rheological properties of highly viscous oil is[5 Babadag]i T .“Heavy—oil recovery from matrix
analysed. Plasma-pulse action technology enables 't ]

. S X during thermal applications in naturally fractured
reduce the effective oil viscosity up to 30% and (aservoirs” In Situ 20 (3), 221-249, 1996.

thixotropic  properties appearance up to  48%g] Babadagli, T., “Scaling of capillary imbibition

depending on the processed oil type [18]. under static thermal and dynamic fracture flow
conditions.” Latin American and Caribbean
3. CONCLUSION Petroleum Engineering Conference. Rio de

Janeiro, Brazil. SPE Paper 39027, 1997.

MEOR is well-proven technology to enhance oil[7] Babadagli, T., “Selection of proper EOR method

recovery from oil wells with high water cuts andal for efficient matrix recovery in naturally fractute

to improve it in mature oil wells, but still in ced for reservoirs.” SPE Latin American and Caribbean
MEOR processes to be well accepted and successful, petroleum Engineering Conference, Buenos

extensive laboratory tests are required prior &dfi Aires, Argentina. SPE Paper 69564, 2001.
implementation to select the suitable microbes, t8] Green D. W. & Willhite G. P. Enhanced Oil
understand their growth requirements and production Recovery. Richardson, Texas: Society of

conditions. Also, optimization of nutrients andtieg Petroleum Engineers, 1998.
the microbes and their bioproducts compatible witfg] Sydansk R. D. "Polymers, Gels, Foams, and
reservoir conditions are required. During fieldtses Resins." In Petroleum Engineering Handbook

design of the microbial system and oil production Vol. V(B), Chap. 13, by Lake L. W. (Ed.), 1149-
response has to be well documented and results have 1260. Richardson, Texas: Society of Petrleum

to be monitored and followed up. Engineers, 2007.
[10]Singhal A. Preliminary Review of IETP Projects
4. FUTURE SCOPE Using Polymers. Engineering Report, Calgary,

Alberta, Canada: Premier Reservoir Engineering
Improvements of the operational performance and the Services LTD, 2011.
economical optimization of EOR projects in the fetu [11]Alireza Soudmand-asli, S. Shahab Ayatollahi,
would require the application of a synergistc  Hassan Mohabatkar, Maryam Zareie, S. Farzad
approach among EOR processes, improved reservoir Shariatpanahi, “The in situ microbial enhanced oil
characterization, formation evaluation, reservoir recovery in fractured porous media”, Journal of
modelling and simulation, reservoir management) wel  Petroleum Science and Engineering, pp. 161-172,
technology, new and advanced surveillance methods, 2007.
production methods, and surface facilities as dtage  [12]1. Lazar, i. G. Petrisor and t. F. Yen, “Microbial
Pope. This synergistic approach is in line with the Enhanced Oil Recovery (MEOR)”, Petroleum
Smart Fields Concept, also known as Intelligentdie Science and Technology, 25:1353-1366, 2007.
Digital Field, i-Field or e-Field, developed by ®he [13]H. Al-Sulaimanil, S. Joshi2, Y. Al-Wahaibil, S.
International Exploration and Production that irves Al-Bahry2,  A.  Elshafie2, A. Al-Bemani,
an integrated approach, which consists of data Microbial biotechnology for enhancing oil
acquisition, modelling, integrated decision making, recovery: R Current de"e_'c?pmer_‘ts and future
and operational field management, each with a high prospects”, Biotechnol. bioinf. Bioeng., I(2). pp.

; X . 147-158, 2011.
level of integration and automation. [14]K. BROWN, W. JAZRAWI, R. MOBERG, M.

WILSON, “Role of Enhanced Oil Recovery in
Carbon Sequestration The Weyburn Monitoring
Project, a case study”, In Petroleum Engineering
Handbook Vol. V(B), Chap. 13, by Lake L. W.
(Ed.), 1149-1260. Richardson, Texas: Society of
Petrleum Engineers, 2010.
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