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NTNU Lecture

=Theory/Overview of Low Salinity Water Flooding
»ECLIPSE Modeling of LSWF
=Sensitivity Study of LSWF Economics
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Low Salinity Water Flooding (LSW)

SIS Training

=Simple concept — during water flooding inject fresh water
— or at least water with lower dissolved salts that the
connate water.
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Number of LSE Papers

Interest in LSW (Low-Salinity Waterflooding ) has
Increased SIS Training
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Key Reference Papers

SIS Training

=SPE 129421 (Distinguished Author paper) — Improved Oil Recovery by Low-Salinity
Waterflooding, Morrow & Buckley, 2011 - this includes a very extensive bibliography

=SPE 36680 — Salinity, Temperature, Oil Composition and Oil Recovery by Waterflooding,

Tang & Morrow, 1997

=SPE 102239 — Modeling Low-Salinity Waterflooding, Jerauld et al, 2008 (BP experience)

=SPE 141082 — Smart WaterFlooding for Carbonate Reservoirs: Salinity and Role of lons,

Yousef et al, 2011 (Saudi Aramco)

=SPE 142688 — Enhanced Waterflood for Middle East Carbonate Cores — Impact of

Injection Water Composition, Gupta et al, 2011 (ExxonMobil)

January 12 Low Salinity Water Flooding
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DISTINGUISHED AUTHOR SERIES

Improved Qil Recovery by
Low-Salinity Waterflooding

Norman Marrow, SPE, and Jil Buckley, SPE, University of Wyoming

“Waterflooding was first practiced for pressure mainterance
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Understanding Salinity and Units

=Generally look at TDS - total dissolved solids in water
=Common units can be:

— mg/l - milligrams per liter

— ppt - parts per thousand

— ppm - parts per million
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Example

=35 g dissolved salt / kg sea water
»=35¢/L

== 35 kg/m?
= = 35 ppt
= = 3.5%
== 35,000 ppm
January 12 Low Salinity Water Flooding s Seilumierger
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Composition of Oil Field Water

=All formation water contains dissolved solids — primarily sodium chloride NaCl
=Common cations — Na*, Ca**, Mg**, sometime K*, Ba**, Li*, Fe**, Sr**
=Common anions - CI, SO, HCO;", sometimes CO;’, NOg, Br, I, BO;~, S

January 12 Low Salinity Water Flooding 9 ”

Water Salinity — Common Units

Water_Shqlin'ity - Common Units

Term Symbol Definition
weight percent solids Cw g solid
100 g brine
parts per million Cpm g solid
10° g brine
milligrams per liter Chmgll g solid

10° ml brine

grains per gallon Cyrigal grains solid
gallon brine

January 12 Low Salinity Water Flooding 10 m
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Limits of Salinity

=Fresh water <1 ppm

=Drinking Water — ppm (or mg/l as CaCO,)
« 0-100 Soft

100 - 200 Moderate

200 - 300 Hard

300 - 500 Very hard

500 - 1,000 Extremely hard

=Sea Water = 36,850 ppm
»Aquifers/oilfield Saturated = 300,000 ppm

January 12 Low Salinity Water Flooding 11 ”

Low Salinity Flooding — Theory and Applications
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Two Possible Processes

=| SW at initial water saturation (S,;)
— Much higher oil recovery than with HS
= SW at residual oil saturation (S,,)
— Requires very large water injection volume
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Mechanisms

=Many proposed mechanisms — non agreed on by authors
=Many SPE papers written over the last 10+ years.

=Will give an overview of the various proposed
mechanisms.
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Key to Low Salinity Flood Increase in Oil Recovery

=Residual oil saturation to water flood decreases as the
salinity of the injected water decreases.

January 12 Low Salinity Water Flooding 15 ”

Mechanisms
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Necessary but not Sufficient Conditions

=From Morrow (1999) in Berea-sandstone cores:
=Significant clay fraction

=Presence of connate water

=Exposure to crude oil to create mixed-wet conditions
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Mechanisms

=What do we know?:
— Injection of low salinity water has a significant effect on
rock wettability
— Oil recovery can increase by 10 to 40% over high salinity
water flood.

— Increased oil recovery function of rock mineralogy,
temperature, brine salinity, and oil type/composition.

— This effect is NOT seen in clay free rock — note: Kaolinite
is always oil wet in the reservoir

January 12 Low Salinity Water Flooding 18 m
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Mechanism #1

Fine Clay Migration and Permeability Reduction

January 12 Low Salinity Water Flooding 19 ”

Fine Clay Migration and Permeability Reduction
1of2

=Clay tends to hydrate and swell when contacting with fresh
water

=|_ess-saline water affects the dispersion of clay and silt in the
formation

=Clay and silt then become mobile and follow the water into
the high permeability paths

=Mobile clay and silt become lodged in the smaller pore
spaces of the high permeability paths

January 12 Low Salinity Water Flooding 20 m
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Fine Clay Migration and Permeability Reduction
2 0f 2

=These high permeability paths become LESS permeable

=Resulting formation more uniform and water flood
performance is improved

=Clay is usually kaolinite and illite
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Mechanism #2

Migration of Clay Particles and Change of
Wettability of Rock
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Migration of Clay Particles and Change of
Wettability of Rock

=Detachment of mixed-wet clay particles (destabilized
clays) from the pore walls because of lower salinity water —
resulting rock is more water wet.
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Mechanism #3

pH Effect
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pH Effect

= Aslow salinity water is injected into rock — hydroxyl
lons generated through reactions with minerals in

reservoir

= Effectively like alkaline flooding — pH increases from
7+10 9+

= Problems:

- Most alkaline floods have pH - 11 to 13
- No clear relationship between pH and oil recovery
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Mechanism #4

Multicomponent lon Exchange (MIE)
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Multicomponent lon Exchange — Explanation 1
(short one)

= Reduced salinity allows the electrical double layers to
expand — allows bound multivalent ions to exchange —
complex cations at the surface are replaced — rock
goes from oil wet to water wet.

(wettability modification depends on the amount of
suited clay minerals and especially their distribution of
the rock surface)

January 12 Low Salinity Water Flooding 27 ”

Multicomponent lon Exchange — Explanation 1
(short one)

Also called: DLVO theory
=Named after Derjaguin, Landau, Verwey, and Overbeek.
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Electrical double layer

=A double layer (DL, also called an electrical double layer,
EDL) is a structure that appears on the surface of an
object when it is placed into a liquid. The object might be a
solid particle, a gas bubble, a liquid droplet, or a porous
body. The DL refers to two parallel layers of charge
surrounding the object. The first layer, the surface charge
(either positive or negative), comprises ions adsorbed
directly onto the object due to a host of chemical
interactions. The second layer is composed of ions
attracted to the surface charge via the coulomb force,
electrically screening the first layer.....
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Multicomponent lon Exchange — Explanation 2

=Status in oil-wet rock:
— Different affinities of ions on rock surfaces

— Multivalents or divalents such as Ca?* and Mg?* strongly
adsorbed on rock surfaces

- Multivalent cations at clay surfaces are bonded to polar
compounds present in the oil phase (resin and
asphaltene) forming organo-metallic complexes and
promoting oil-wetness on rock surfaces

— Organic polar compounds are adsorbed directly to the
mineral surface - also oil wet

January 12 Low Salinity Water Flooding 30 m
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Multicomponent lon Exchange — Explanation 2

=] ow salinity water injection situation - MIE:

- MIE removes organic polar compounds and organo-
metallic complexes from the surface and replacing them
with uncomplexed cations

— Desorption of polar compounds from the clay/rock surface
leads to a more water-wet surface

— Resulting in an increase in oil recovery
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Keys to Modeling Low Salinity Flooding

=Exact mechanism not important

=Must have appropriate relative permeability
measurements

— Relperms with high salinity brine

— Relperms with low salinity brine

January 12 Low Salinity Water Flooding 32 m
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Brine and Low Salt Models in ECLIPSE
Theory and Keywords
And Examples from our Workshop Dataset

January 12 Low Salinity Water Flooding 33 ”

Brine Model

=The distribution of brine is modeled by solving a mass
conservation equation for the salt concentration in each
grid block.

=Brine is assumed to exist solely in the water phase and is
modeled internally as a water phase tracer using the
equation:
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Brine Equation

di. B, /

W

i III ’ I::r"";-'l-i-: C_,"' \ll
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w Mg eff

35”

January 12 Low Salinity Water Flooding

where

p,, denotes the water density

¥ denotes the sum over neighboring cells

¢, denotes the salt concentration in the aqueous phase

w.es denotes the effective viscosity of the salt

D_  is the cell center depth.

B,, 1is the water formation volume

T is the transmissibility

k,, 1s the water relative permeability
s, 1s the water saturation

v is the block pore volume

o, 1s the water production rate

P, 1is the water pressure

g 1is the gravity acceleration

January 12
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Low salinity option

Allows you to modify the saturation and
relative permeability end points for water and
oil phases as a function of the salt
concentration as well as the water-oil
capillary pressure.

This option is activated by the LOWSALT
keyword in the RUNSPEC section.

January 12 Low Salinity Water Flooding 37 ”

LOWSALT Keyword

LOWSALT Enables modeling of low salinity effects in
the Brine model

x|ECLIPSE 100 ¥
ECLIPSE 300 option if th
T%' See "Brine Tracking the "ECLIPSE Technical Description” for further information.
GRID The ZOWSALT keywor
EDIT
PROPS
REGIONS
SOLUTICH
SUMMARY
SCHEDULE

not already present

has no associated data.

It will automatically turn on the BRINE
option if this keyword is not already present.

January 12 Low Salinity Water Flooding 38 m
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Interpolation Between High Salt End Points (H) and
Low Salt End Points (L)

Given two sets of saturation functions, one for the low salinity

and one for the high salinity, the saturation end points are first
modified as:

S = Fy Syt (1-F))Si,
FSﬁml SH
FSimmm DS ima
Spner = FyShue 1F1>S§im
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Where

where

F, 1sa function of the salt concentration. and correspond to the second column of the
LSALTFNC keyword.

S, 1s the connate water saturation
S... 1isthe critical water saturation
S,max 18 the maximum water saturation

S,wer 18 the crifical oil saturation in water

January 12 Low Salinity Water Flooding 40 m
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Interpolation Between High Salt Tables(H) and Low
Salt Tables(L)

L H
ki'\l' =F1A—J‘1-'+(17F1 }kru'
k,=F K, +(1-F)KL [EQ7.13]

P, =FP  +(1-F)P"

cow ~ cow cow
where

F, is a function of the salt concentration. and corresponds to the third column of the
LSALTFNC keyword.

k., 1s the water relative permeability
k,, 1s the oil relative permeability
P.,, lsoil-water capillary pressure

January 12 Low Salinity Water Flooding 41 ”

LSALTFNC Tables of low-salt weighting factors versus
salt concentration

This keyword is set to input the weighting factors for the low-salinity saturation functions as a
function of the salt concentration. The data comprises NTSEFUN (item 1 of keyword TABDIMS)

x| ECLIFSE 100
ECLIPSE 300

SPECTAL tables, each terminated by a slash (/). These coefficients are used in calculating the saturation
RUNSPEC end points, the water and oil relative permeabilities and the water-oil capillary pressure when
GRID P . . .
AR y
EDIT the LOWSALT option is active.
x| FROES Each table consists of 3 columns of data:
REGIONS
SOLUTION 1 Salt concentration
SUMMARY
SCHEDULE The values should increase monotonically down the column.

+  UNITS: kg/m® (METRIC). Ib/stb (FIELD), g/em’ (LAE), kg/m® (BVT-M).

2 Weighting factor F; for the low-salinity saturation endpoints and the relative permeabilities
interpolation.
The values should decrease monotonically down the column.

A value of 0.0 implies that only the high-salinity saturation functions will be used (tables
defined by SATNUM) and a value of 1.0 implies that only low-salinity saturation functions
will be used (tables defined by LWSLTNUM).

The value should not be greater than 1.0 or less than 0.0.
3 Weighting factor F, for the low-salinity capillary pressure interpolation.
The values should decrease monotonically down the column.

A value of 0.0 implies that only the high-salinity saturation functions will be used (as
defined by SATNUM) and a value of 1.0 implies that only low-salinity saturation functions
will be used (as defined by LWSLTNUM).

The value should not be greater than 1.0 or less than 0.0.

January 12
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LSALTFNC Example

-- connate water is 100,000 PPM = 100 Kg/m3

LSALTFNC

-- F1 = 0 for high salinity
-- F1 =1 for low salinity

--Salt F1

--conc factor

--LSALTFNC Table

--conc F1

--kg/sm3
0 1.0
20 0.8
40 0.6
60 0.4
80 0.2
100 0.0

F2
factor factor

1*
1*
1*
1*
1*
1*

January 12 Low Salinity Water Flooding
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Defining Low and High salinity curves - REGIONS

section

SATNUM keyword - high salinity saturation
functions input

LWSLTNUM - low salinity table number to
each grid block.

January 12 Low Salinity Water Flooding
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PVTWSALT

x[ECLIFSE 100

Water PVT functions with salt present

This kevword supplies the water FVT dara for runs m which the Brine opnion 1s acnve (keyword

o keyvword

The surface density of brine can be set for each 2vTwaaLT table using the scEN2ITY SIS Trainin
kevward This supplies surface densities at the valuee of ealt concentration epecified in the g
FYTHSALT keyword If 3nENs
water surface densiry specified

v mrssing, the surface densaty of broe 15 taken from the
1oy, for all salt concentranons,

In the present versien of ECLIPSE 100 it is ot pessible to use this keyweord with the Polyuer
Flood Model. (See the pLvvzocs keyword for further mformanon. )

The data compmses BTV (see keyword Ta0708) tables. Each table consasts of two reconds,
each terminated by a slash (/).

Record 1

Two items of data:
Item | The reference pressure (Fpe ) for ths table.

*  UNITS: barsa (METRIC), psia (FIELD). atma (LAB). atma (FVT-4).
Trem 2 The reference salt concentration for stock tank water, c. ..

+  UNITS: kg/m® (e o), Ioisth (FIELD), giem® (zan), kg'm? (svs-1).

+  DEFAULT. Minimun salt concentration specified in record 2 {typically zeta).

Record 2

A table conssting of 5 columme of data

The number of entries i the table should not exceed REFVT (see keyvword TR

In ECLIPSE 300 the number of entries must equal NPPVT. In ECLIPSE 100 a
minimum of one entry is needed (which effectively gives constant properties).

Column | The salt concentration, «¢,.

Values should merease monotoncally down the column.

+  UNITS: kg/m? (METRIS). Ibfsth (FELD), glem’ (LAE). kg/m® (VT

E VT
Celumn I The water formanon velume facter at the reference pressure as a function of salt *

comcentration, B, (P, ..z

PVTSALT Example

SIS Training

PVTWSALT

-- Ref

ref salt conc

-- Press stock tank water

-- barsa
270.0
-- salt

-- conc

0.0/

FVF water water water

compres visc viscosibility

0.0 1.030 46E-5 05 00
100.0 1.030 4.6E-5 0.5 0.0/

January 12 Low Salinity Water Flooding 46 m
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Initial Salt Concentration

The SALTVD keyword supplies a table of salt
concentrations versus depth for each
equilibration region.

January 12 Low Salinity Water Flooding 47 ”

SALTVD

ECLIFSE 100
x| ECLIPSE 300
SPECIAL

P

RUNSPEC
GRID
EDIT
PROPS
REGIONS
SOLUTION
SUMMARY
SCHEDULE

P

ECLIPSE 100 only

Salt concentration versus depth for
equilibration

The data comprises NTEQUL (see keyword EQLDIMS) tables of salt concentration versus depth,
one for each equilibration region.

Each table consists of 2 columns of data, and must be terminated by a slash (/).

Column 1 Depth values.

The values should increase monotonically down the column.

*+  UNITS: m (METRIC), ft (FIELD). cm (LAE), m (PVT-M)

Column 2 The corresponding values of salt concentration.

«  UNITS: kg/sm® (METRIC), Ib/stb (FIELD), gm/sce (LAE), kg/sm® (BVT-M)

There must be the same number of entries in each column of a given table. This number should
not be less than 2 or greater than NDRXVD (see keyword EQLDIMS).

The Brine option must be activated (keyword BRINE).
See also keyword EQUIL.
When the Multi-Component Brine model (keyword BRINE in conjunction with keyword

ECLMC) is active the SALTVD keyword specifies tables of salt concentration versus depth with
one colummn of data for each salt in the model.

January 12 Low Salinity Water Flooding 48 m
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SALTVD Example

SALTVD

-- depth  salt

-- meters conc

-- kg/m3
5000.0 100.0

5500.0 100.0/

49”

January 12 Low Salinity Water Flooding

LWSLTNUM Keyword

=|_ow-salt oil-wet saturation function region numbers

5o Sehlumigengen
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LWSLTNUM

x| ECLIPSE
ECLIPSE
SPECIAL

L

100
300

RUNSFEC
GRID
EDIT
PROPS
REGIONS
SOLUTION
SUMMARY
SCHEDULE

L

Low-salt oil-wet saturation function region
numbers

The keyword should be followed by one integer for every grid block specifying the low-salinity
saturation function region to which it belongs. The region number should not be less than 1 or
greater than NTSFUN (see Item 1 of keyword TABDIMS). The data must be terminated by a
slash (/).

The low salinity oil-wet saturation function region number specifies the saturation table (input
using SWEN, SOF 3, etc. in the PROPS section) to be used to calculate relative permeabilities
and capillary pressures in each grid block.

The oil-wet curves are computed as a weighted average between the low salinity oil-wet
saturation functions (LWSLTNUM region number) and the high salinity oil-wet saturation
functions (SATNUM region number).The low-salinity weighting factors are taken from the
LWSLTNUM table in the LSALTFNC keyword.

This keyword can be used only if the LOWSALT keyword has been entered in the RUNSPEC
section to initialize the modeling of the low salinity effects in the Brine Model.

When the Surfactant option is active, the LWSLTNUM region numbers correspond to the
immiscible low salinity curves. For the SURFACTW option, it corresponds to the immiscible oil-
wet low salinity curves. The SATNUM region numbers correspond to the immiscible high
salinity curves or to the immiscible oil-wet high salinity curves if the SURFACTW option is
active.

Grid blocks are ordered with the X-axis index cycling fastest. followed by the Y- and Z-axis
indices. Repeat counts may be used for repeated values (for example 115%*2). Note that spaces
must not be inserted on either side of the asterisk.

January 12 Low Salinity Water Flooding 51 m

REGIONS Section

REGIONS

SATNUM

-- immiscible, high salinity = 1

15000*1 /

LWSLTNUM

-- low salinity curves
15000*2

/

January 12 Low Salinity Water Flooding 52 m
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-- High salinity curves

SWOF

-~ SWAT KRW KROW PCOW
0.2 0 06
0.24 0 04 0
0.2679 0  0.2661 0
0.2857  0.0001  0.2268
0.3036  0.0003  0.1905
0.3214 0.001  0.1575
0.3393  0.0024  0.1276
0.3571  0.0051  0.1008
0.375 0.0094 0.0772
0.3929 0.016  0.0567
0.4107  0.0256  0.0394
0.4286 0.039  0.0252
0.4464  0.0572  0.0142
0.4643 0.081  0.0063
04821  0.1115  0.0016
0.5 0.15 0 0

1 1 0 0

SIS Training

cPoPo0o®®oco0®oo

/
-- Low salinity curves
0.6 0

0.4 0 0.269 0
0.4179 0.001  0.2407 0
0.4357  0.0041  0.2134 0
0.4536  0.0092  0.1873 0
04714  0.0163  0.1624 0
0.4893  0.0255  0.1386 0
0.5071  0.0367  0.1162 0
0.525 0.05 0.1 0
0.5429  0.0653  0.085
0.5607  0.0827  0.07
0.5786  0.102 0.06
0.5964  0.1235  0.05
0.6143  0.1469  0.04
0.6321  0.1724  0.034
0.7 0.27 0.015 0
0.75 0.4 0.005 0
0.8 0.8 0 0
1 1 0 0

/
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High and Low Salinity Relative Permeabilities

IS Training

High and Low Salinity Curves

@ K RW-highsalt
e K ROW-highsalt
e K RW-lowsalt

0.9

@ ROW-lowsalt
07

Low High

g
o

o
=

Relative Permeability
=3
o

High

03 y .
0.2
01
0

0 01 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Water Saturation
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Injection of Water Containing Salt - WSALT

=Sets salt concentrations for injection wells

January 12 Low Salinity Water Flooding 55 ”

WSALT

ECLIPSE 100
ECLIPSE 300
SPECIAL

L

RUNSPEC
GRID
EDIT
PROPS
REGIONS
SOLUTION
SUMMARY
x| SCHEDULE

ECLIPSE 100 only

Sets salt concentrations for injection wells

This keyword is used to specify the concentration of salt in the injection stream of each well.
The keyword should only be used in runs with the Brine option active (keyword BRINE in the
RUNSPEC section). If the WSALT keyword does not appear in the injection schedule, then
concentration values of zero are assumed. Data should only appear for wells which are currently
declared to be water injection wells.

The keyword is followed by any number of records, each containing the following items of data,
and each terminated with a slash (/).

The set of records must end with a blank record, containing only a slash (/).
1 Well name, well name template, well list or well list template

A template enclosed in quotes can be used to refer to multiple wells or well lists. See "Well
name and well list template matching" in the "ECLIPSE Technical Description” for further
details. Well list names should be enclosed in quotes and begin with an asterisk (*). Well
lists are constructed with the keyword WLIST.

2 The concentration of salt in the injection stream for the well. This quantity can be a user
defined argument (UDA), and can be set with keywords UDQ and UDADIMS.

«  UNITS: kg/sm® (METRIC), Ib/stb (FIELD), gm/sce (LAR), kg/sm® (PVT-M)

3 The group whose produced salt concentration should be used for the salt concentration of
the injection stream for the well.

If no group is specified the concentration in item 2 will be used.
End data record with a slash (/).

End the set of records with a blank record, containing just a slash (/).

January 12 Low Salinity Water Flooding 56 m
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WSALT - Example

WCONINJE
INJ WAT OPEN 'RESV'1* 100 /
/

-- inject fresh water
WSALT

INJ 0.0/
/

January 12 Low Salinity Water Flooding 57 ”

Sensitivity Study on Low Salinity Flooding

January 12 Low Salinity Water Flooding 58 m

January 12
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Sensitivity Study Outline

sFirst — sensitivities to salinity of injected water
=Second — economic sensitivity

January 12 Low Salinity Water Flooding

59”

Sensitivity Simulations in a Sector Model

=Metric units — 50 x 50 x 6 grid

"AX = Ay = Az = 3 meters

=Sector is 150 x 150 x 18 meters

=\WVater injector in one corner

=Producer in opposite corner

=Both wells on RESV control of 100 sm3/day

=Connate water and high salinity water is 100 kg/sm3

=L ow salinity water or fresh water is 0 kg/sm?

January 12 Low Salinity Water Flooding

so  Schlumiggngen

January 12
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Sector Model Details

SIS Training

=Permeability and porosity variation — patterns
=Permeability range — 275 to 525 mD
=Porosity range — 0.23 to 0.306

=|nject and produce for 1110 days

January 12 Low Salinity Water Flooding 61 “

Sector Permeability

INJ ling

January 12 Low Salinity Water Flooding 62 “

January 12
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Sector Porosity

SIS Training
INJ

January 12 Low Salinity Water Flooding 63 “

Base Cases

SIS Training

=Base case 1: continuous injection of high salinity water (100 mg/l)
=Base case 2: continuous injection of low salinity water (0 mg/l)

January 12 Low Salinity Water Flooding 64 “

January 12
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January 12

High and Low Salinity Curves

KRW-highsalt /
KROW-highsalt

KRW-lowsalt

KROW-lowsalt

08
0.7

; %WW

$ 05

/|

Krw highsa)
Krw lowsalt

03

Krow highsal\ \ / /

03 0.4 05 0.6 0.7 0.8

Saturation of Water
Januar, y 12 Low Salinity Water Flooding 65 ”

N

Base Case 1: Oil Saturation — High Salinity

Continuous Injection
INJ

January 12 Low Salinity Water Flooding 66 m
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Base Case 2: Continuous Injection Low salt Flood -

SALT Concentration
INJ

January 12 Low Salinity Water Flooding 67 ”

High and Low Salinity Injection Comparison of
Cumulative Oil Produced

ws. TIME (HIGHSALT-FLOOD,
FR vs. TIME (LOWSALT-FLGOD)
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High and Low Salinity Injection Comparison of Salt
Production Rate

mm—FSPR vs. TIME (HIGHSALT-FLOOD)
m—FSPR vs. TIME (LOWSALT-FLODD)
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January 12 Low Salinity Water Flooding 69 RN

High and Low Salinity Injection Comparison of Qil
Recovery Factor

—FCE s, TIME (HIGHSALT-FLOOD)
—FGE vs. TIME (LGWSALT-FLGOD}
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Results from Continuous Injection Cases

=High salinity injection RF = 37%
| ow salinity injection RF = 63%
=But cost of fresh water is very expensive

=Perhaps injecting a slug of fresh water followed by high
salinity water might recovery significantly more oil (than

high salinity injection) but cost less because needs
fresh water.

less

January 12 Low Salinity Water Flooding 71 ”

Slug Fresh Water Injection

=Case 3: inject fresh water for 360 days followed by high

salinity water

January 12 Low Salinity Water Flooding

72”

January 12
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Case 3: Slug Injection Low salt Flood — SALT
Concentration

|IFBBET

January 12 Low Salinity Water Flooding 73 ”

Continuous and Slug Low Salinity Injection
Comparison (Cases 2 and 3) of Cumulative Oil

— P
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salt injection

Slug low salt
injection

Small difference in oil produced
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Continuous and Slug Low Salinity Injection
Comparison (Cases 2 and 3) of Salt Production

PR vs. TIME (LOWSALT-FLODD!
PR us. TIME (LOWSALT-SLUG-FLOOD)
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Slug low salt
injection

FSPR KG/DAY

Continuous-fow
salt injection

O
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8] 200 400 600 Bs800 1000 1200
TIME DAYS '

Comparison (Cases 2 and 3) of Continuous and
Slug Low Salinity Injection

=Case 2 injects 107,700 Sm? of low salinity water
=Case 3 injects 34,900 Sm? of low salinity water

=Case 2 recovers 62.7% of the oil in place (FOE)
=Case 3 recovers 60.7% of the oil in place (FOE)

=Conclusion - slug injection reduces the requirement for
fresh water but recovers nearly the same percentage of oil.

January 12 Low Salinity Water Flooding 76 m

January 12
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January 12

Data Sets

=Case 1 - highsalt-flood.data

=Case 2 - lowsalt-flood.data

=Case 3 - lowsalt-slug-flood.data

=You will find these data sets in the distributed folder.

January 12 Low Salinity Water Flooding 77 ”

Economic Sensitivity Study

January 12 Low Salinity Water Flooding 78 m

39



Economic Sensitivity Study — Details

=The continuous high salinity water injection case
produces 33,463 Sm?3

=\We are interested in the incremental oil recovery from low
salinity flooding — incremental over the high salinity flood
case.

»The continuous low salinity (fresh) water flood case

produces 56,651 Sm? — that is an incremental recovery of
23,188 Sm?

January 12 Low Salinity Water Flooding 79 ”

Economic Sensitivity Study — Details

=Cost of produced oil (income) = $ 500 per Sm3
=Cost of high salinity water =$ 0 per Sm?
=Cost of low salinity (fresh) water = $ 50 per Sm?

=No discounting, oil price increase, interest rates, inflation will
be considered.

= Incremental Income from continuous low salinity flood is
$ 6,207,350.00

January 12 Low Salinity Water Flooding 80 m

January 12
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Economic Sensitivity Study

= Starting with lowsalt-slug-flood-udg.data - vary the time
of fresh water injection followed by high salinity water
injection — total water injection time must be 1110 days.
=Calculate the incremental income/profit for each case -
determine the injection case with the highest incremental
income (incremental over the high salinity flood ).

=A UDQ is included in the data set.

January 12 Low Salinity Water Flooding 81 ”

UDQ

uDQ
ASSIGN FUOIL 500 / oil price ($/Sm3)

ASSIGN FUFW 50 / fresh water cost ($/Sm3)

ASSIGN FUSWOE 33463 / oil produced by high salt water (Sm3)

DEFINE FUPROFIT (FOPT-FUSWOE)*FUOIL-(WWIT IFRESH)*FUFW / profit ($)
UNITS FUPROFIT $ /

UPDATE FUPROFIT ON /

/

January 12 Low Salinity Water Flooding 82 m

January 12
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Results of Economic Sensitive Study
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390 day fresh water
Incremental Profit Vs. Time of Fresh Water Injection/ injection
V Incremental profit =
/_‘. $8,989,000
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Time of Fresh Water Injection (Days)

Low Salinity Water Flooding

End of Low Salinity Water Flooding

January 12

Low Salinity Water Flooding
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