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Abstract

Low salinity water flood (LSWF) is a most promising enhanced oil recovery (EOR) method
where injection water salinity/ ionic composition is modified to increase both microscopic and
macroscopic displacement efficiency in carbonate/clastic reservoirs screened based on
temperature, wettability, and potential determining ions (PDI) with the added advantage of
reducing reservoir souring to a very large extent along with ease of injections into oil-bearing
formations. Conventional liquid-based EOR methods struggle in India's western offshore
carbonate oil fields due to factors like reservoir heterogeneity, pressure decline, high
temperature, and the logistical challenges of an offshore environment. This research explores
low-salinity waterflooding as a promising alternative EOR solution to address these limitations
and maximize oil recovery. Very few EOR projects have been carried out in offshore
environments to date and the majority of the projects have been miscible gas injection projects.
While demonstrating the success of LSWF in a specific Indian offshore reservoir, this work
extends beyond a single case study. It offers invaluable data relevant to the unique challenges
faced in Indian offshore environments, including salinity variations, specific mineralogy, and
distinct crude oil composition compared to other LSWF applications. This detailed data
significantly addresses a critical knowledge gap for LSWF implementation in such settings.
The research provides a comprehensive framework, encompassing laboratory studies, field
observations, and a first-of-its-kind high-pressure high temperature (HPHT) evaluation of
wettability alteration. Furthermore, it establishes guidelines for screening carbonate reservoirs
for their suitability with LSWF. This comprehensive approach offers essential answers for
maximizing oil recovery in Indian offshore carbonate reservoirs using LSWF technology.

A multi-pronged approach integrating laboratory experiments, simulations, and field-scale
evaluation was employed. Key areas of investigation include the Impact of brine composition,
rock-fluid interactions & fluid-fluid compatibility.

Experimental components included: compatibility between the injection water and the
formation water, as well as the examination of the interactions between fluid/fluid and
rock/fluid in carbonate reservoirs, sequential core flood displacement tests at reservoir
conditions using low salinity brines to assess the impact of salinity on oil recovery, an
interfacial tension (IFT)study was used to assess the interface between the fluids, while the
contact angle and Zeta potential measurements were employed to evaluate the compatibility of
the interface between the rock and the fluid, investigation of wettability alteration in an HPHT

imbibition cell. Simulation components considered oil/brine/rock interactions and linked
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laboratory data to the reservoir. Laboratory experiments revealed that the Wettability Index
(WI) and Spontaneous Imbibition (SI) studies serve as effective screening tools for identifying
suitable carbonate reservoirs for LSWF. These tests confirmed the occurrence of wettability
alteration, where the rock surface became more water-wet. This shift resulted in a significant
reduction in residual oil saturation, with recoveries exceeding traditional methods by up to 19
units. Compatibility tests demonstrated the successful use of diluted seawater. Compared to
traditional seawater injection, core flood experiments demonstrated a significant 14-20%
increase in oil recovery using LSWF. Notably, a 25% dilution of seawater proved to be the
optimal salinity for this enhanced oil recovery method. Zeta potential measurements indicated
a consistent decrease in values towards more negative levels as the seawater became more
diluted. Elevating the concentration of SO4% ions in the brine may lead to more pronounced
negative zeta potential values in comparison to a 25% diluted seawater solution.

A one-dimensional (1D) core flood simulation model with a single porosity was created to
adjust the parameters received from the laboratory. The goal was to generate a relative
permeability curve for field scale simulation by matching the oil recovery and pressure profiles
obtained from core flooding. An adequately accurate history match was achieved.

The field-scale simulation study envisages incremental oil of 1.373 MMt with 35% PV of
LSWEF which has envisaged additional oil gain of 4.2% of total oil production in the prediction
period of 17 years due to LSWF in field M and an additional 0.86 million metric tons of oil
recovery using LSWF for field H. At last, a pathway is developed for implementing LSWF in
a carbonate reservoir. Field M exhibited a promising response to LSWF, characterized by
increased oil production rates, stabilized water cut, and a significant reduction in produced
water salinity. The results of this research also expected to play an important role in the 2nd
field application of LSWF in the Western offshore Indian Basin.

Overall, this research presents a novel LSWF/Smart water flood (SWF) implementation
approach for Indian offshore carbonate reservoirs. It significantly contributes to LSWF
knowledge by addressing the unique challenges of these environments. The research
establishes screening methods, evaluates wettability alteration mechanisms at high pressures
and temperatures, and provides guidelines for optimal LSWF implementation as has already

been achieved in the ongoing LSWF pilot in Field M.
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HNIRT

fole=T SIauTT STl Ters (o ATATAET arex ols) Teh AT Famel TR el geadiiee
fafer 8, EA g3 o T dqurar 3R 3mafae @@ & 30 YeR g
foram Sirar 8, arfes @i 3T ForfEes stemerat # ged 3 faerer fawurder gafar
Al 7 g g el IE [ e, aRefefed sk wwfaa fuiRa smaet &
YR W IIAT &1 AT g, 3R 3T 3faRad, I STl & @eede Fl Frh
gG dh hH FlA & ATT-HTY dl-URUT Fal dlell XTI H SotarelsT I gfehar i
T Tl g1 IRAR Rel-3meid def gooifed fafear R & aftaed ad
Frefeie det &3 H STy Y fAvAAA, gara A FRIge, 3o ava, 3R qegacT
TITERVT T dAlolieesh olfcaal & HROT FEY Hcl g T& MY AT oaorel ool
FATSIT T g7 HABT &l g7 el AR AT Fosiied @l Afhad i & v vh
JHTAT dehfeden TATUTT & T H YT AT &1 3T TP FHAGAT &A1 H g HA
del geAsIea IR & a1g g, 3R 3rfeerer aRAeE @Sy 3 goee W
TR T 2

3 eI H HRAT FHAAT SR H A5 ool ST Fols T Theldl
eI R 197 &, 3R A€ T HE IJETTA § AW ded U, HRAT FHGACT
aTdleRYT & 3cel gl arell fafse galfaat @ @afd 3rfed ser yere #Xar gl
SN J9uTdr & YRade, fafse wfasfaas 3R 3= [ Jauar Sd s
IR & HbIET 5 ol Sl TAAY TUAT AAST 81 Fg Taegdd ST Aot efaoran

STel elS &1 3oT ATTaNON H A9 el & AT Ueh HAgcaqul A AR | FATTT

HIAT &1 T MY Teh FHI AT TEIT Il ¢, G JANmRIen 3reage, ey

Heciiehel 3R 3T gaTd 3T AI9A G ATl IR T Hedichel fhar I
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¢ 38 AR, TE Frafele STl Hr 3ugerdaar & fav shifder er-fdei &
TATAT AT &1 FH AT GOCHIOT § ARAT HHGAT Frafeic Stenerdi # e
oIaUTAT STel FelS cehoileh &1 3UANT &deh ool Yadicd 1 fUHhadH &l & o

37T AT 9 aid 2

$H AT H Ueh SEITATAT GISCHIOT AT 1T, TSHH TR JA1T, FRegerert

3N &F-FT Hedihed MfAer &1 GHE T &TE H SIS AT H G,

freT-aRel ST 3R ARA-ael FIAAT AT U

TAPTcHS Tchl H SAFRUT el 3R 3T Uit & &I Harddl, Flefele STemerdl &

RIT/R 3R TA/RA & ST SequarT H o, Stong o fafaat § @

SAAUTAT ST T 3UANT Feh HeJshiHeh PR Fols [T gOeTor, St oIdqordr & ol
YAICT TR TTE T Fediched I &, AN SABIATS Sl HETTT AMiAST &, it
avel verdf & T SeTHA H Hedihed I 81 TS 3eAdl, HUE HIUT IR AT
QIR AT &l IUANT AT 3R el & ST ST ST HIAAT T HodTehe] el
& fov Far a, 3R 3= gag 3=g auHA sEafaa a0 & FRefafady aRada
& ST Fr TS

ARG Tehl # qo/sTge/RIel SeXvaree 3R GAWETRATAT SeT ' SR & Siige
W AR far aar saererer gAe & Ig aried fhar f& Jefefadr g8ea 3k
Wos sfEafaee reags o AR arex wols & AT 3uged Fislae stemrt
I UgTel el & AT TR T & §T H HH A §1 F1 Geoi o defaferdy
aRader @ qite &1, foad Rer @ adqg 31fRs Jo-vga g 73, Saw safise
dd €qftd # Hecaqul & 3M$ 3N giaRe R_fdt & qoen # 19 gfe aF
3O geAdiea Hod g$| Hord UQeIU A Uder WAL STel % Hohel U H
Yefd T IRURE FAA S SO T Joel H, FR Fols TEON o o




A areX FeIs AT 3T A §U AT IAACT H 14-20% H Agea o g
e seoraslar ®7 &, HAA S & 25% el 38§ GuIRd do gaifed fafr &
foT et waurar @ifad g3ml wer MR At A TE dhd femm R Sa-S
ALY STl HTAH I E3M, degel A MR FRTae 315 3R TR FhRIcAS TR

dr 3R G| T3 H Fothe AT AT Tl g6 F 25% Ycoll FHGT STl ©leT

T JorelT F IS TARRICHAS FHel NERTST AT 3ot & Hhd &

Teh Tehol GRITAET & AU TH-3IAET  HR Fois QAR Hisel IR fohar
dlfh AR & Uicd ATUCs! &l AT fham ST dh| o6 Ig 47 fb HR
FATSIT A e AT gAY 3R gata ige @ Al WA §U S e &

foT weh AMeT IRIEAAT s 3cUe fhAT SMU| U 3UYFT & & Téw g
fAeeT gred fohar I

T-E TAHIRNT 31eT o 35% UR dlegd off AfAfAST arex welg & @y 1.373
fAfogeT Mg e Ad & AARFT IcdtesT & A oo, F@d o dfafad
dlex Fols & HROT &1 M # 17 asi & stfasgaroly 3@y & $of def 3cuie &1
4.2% IfARFT dor WfCT &1 AT &, IR & H 7 o fAfAdT arex wels v
39T ¥k 0.86 fAferger Aifiger ot fAReFd Ao qauifead &1 3iegaArT 81 37 &,
Flefeie STemREAl # of AfAE areX FoIs AT o] A & AT Toh ARl A
forar Tl & M & o AR arex wers & i we amemetes gfafkar gefda
&1, fSad ad 3cues o A gefd, Sfer el @1 fFdewer AR 3cuifed S
AT H Fgcaqul & fe@rs &1 8 iy & aRomAT @ s affesl ad &
# o AfAMAE arex Fols & @ &iAg et H o Agcaqol sffAer o= &
3FHE T




Fol AR, TE MY HRAT FHAAET Freiele STl & T of AfAfAT arex

FelS/EATC dAIEY FeAS o] Flel ol Ueh oTdlel GIoCehll FEd Rl g I§ 3o
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part per million

Porosity

Initial oil saturation

Air permeability

Milli Darcy

Abbreviations

Acid Number

Electric Double Layer

Enhanced Oil Recovery
High-Pressure High Temperature
Low-Salinity Water Flooding
Smart Water Flooding

Multi-lon Exchange

Potential Determining lons

Pore Volume

Seawater

A diluted brine which has x% Seawater
Total Dissolved Solids (TDS), ppm
X-ray Diffraction

X-ray Fluorescence

Interfacial Tension

Computer Modelling Group

Drop Size analyzer-100

Nuclear Magnetic Resonance

XiX





