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Introduction

The life cycle of oil production from reservoir are
divided into three periods: primary production,
secondary production and tertiary production or
enhanced oil production. In the initial production
stage, no fluid is injected into the reservoir and only
the natural energy of the reservoir is used to produce
oil. In the secondary production stage, water and gas
injection is used to stabilize the reservoir pressure.
Water injection in the secondary production stage has
been recognized as a common and practical method of
pressure stabilization for many years due to its ease of
injection, environmental friendliness, cost, source and
efficiency. After the primary and secondary production
stages, a large amount of oil still remains in the
reservoir. Recently, optimization of ionic composition
and salinity of injected water has been used as an EOR
method to reduce the amount of residual oil. During
this process, which leads to a change in the chemical
balance, the wettability of the rock also changes, which
will lead to an increase in the oil recovery factor. Some
researchers have named this type of water, whose
ionic composition and salinity are different from the
formation water, as smart water. If the salinity of the
injected water is less than 5000 ppm, it is called low
salinity. Due to smart water injection, an increase in
recovery factor of up to 30% on a laboratory scale
and a reduction of residual oil saturation between 2 to
50% in the field scale compared to conventional water
injection has been observed. Although the original idea
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for low-salinity water injection was introduced in the
late 1950s [ 1], but gained significant interest in the late
1990s [2] when Morrow published the results of low-
salinity water injection experiments in sand cores. On
the other hand, the significant increase in oil recovery
factor by injecting seawater into the Ecofisk fractured
carbonate reservoir (in the North Sea of Norway)
which permeability is in medium range, opened a new
chapter in the field of EOR in carbonate reservoirs.
Based on studies, several mechanisms have been
proposed to describe the performance of smart water
injection: clay hydration, fine particles migration, pH
gradient, alkaline flooding behavior, multiple ionic
exchange, electrical double layer expansion, rock
dissolution, salting-in effect, microdispersion of water
in oil, osmotic pressure, and viscoelasticity between
fluids. However, there is still no consensus on the
dominant mechanism in smart and low-salinity water
injection. Also the share of each mechanism and how
they lead to increased oil recovery factors, in core and
reservoir scales, are not properly idendified [3].

Smart Water Injection Mechanisms in Sandstone
and Carbonate Reservoirs

In this section, all the proposed mechanisms for smart
water injection in sandstone and carbonate rocks are
reviewed. Some of these mechanisms are not completely
independent. The mechanisms are explained along
with how to affect the rock and fluid properties and the
increasing of oil recovery factor (Table 1).
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Table 1 Smart Water Injection Mechanisms and laboratory experiments.

Mechanisms Researcher Formation Type | Description
. Absorption of low-salinity water by clay —Clay Swelling —Porosity Reduction
Clay Hydration | Bernard [4] Sandstone . .
—O0il Production
) . Sandstone Expansion of EDL — Detachment of oil-wet clay from rock surface
Fine Particles | Tang and Morrow
Migration [2] Sandst Fine Particles Migration —block pores throats— redirect of water flow path from
andstone
invaded area to upswept areas— Increasing microscopic sweep efficiency
At reservoir condition, the formation water pH is about 5 — absorbe to the surface
. of the rock—Injecting Low-Salinity Water, disturbing the Equilibrium— Cationic
. Austad, Rezaei- | Sandstone and . .
pH Gradient Exchange between H' and —Increasing pH and— Reaction between OH- Po-
Doust [5] Carbonate . .
lar Substances Adsorbed on the rock surface —desorption of polar materials and
change of wettability
Injection of water base fluid with different composition and less salinity than
Multil formation water— lon exchange between the mineral surface and the injected
ultiple
. Ep b Lager, Webb [6] | Sandstone fluid—>Replacement of non-complex cations with organic-metal complexes or
ion-Exchange
& organic-base materials adsorbed on the clay surface— desorption of polar materi-
als and change in wettability
Decreasing water salinity— Reduction of divalent cations that cause the adsorp-
. tion of organic matter in the double layer— Increasing the absolute value of zeta
Electric Double | . Sandstone  and L K .
Ligthelm [7] potential in two levels of rock-water and water-oil — Expansion of the double
Layer Carbonate . . i .
electric layer— Increasing repulsive force between the negative surface of clay
and oil polar materials — Removal of polar materials
Low salinity water injection— Formation of hydroxyl ions (OH") due to dissolu-
. tion of native minerals— pH is increased— in-situ generation of Surfactant and
Alkaline Flood- . . . . . . .
o Behavi McGuire [ 8] Sandstone foam from acids that is presented in crude oil —Reduction of surface tension
ing Behavior
¢ between oil and water — Reservoir rock will be stronger water-wet —Increase in
oil recovery factor
Reduction of PDIs (Ca'?, Mg", SO,?) concentration in injected water— Chang-
Rock Dissolu-| ing the equilibrium condition —Dissolution of PDIs in source rock minerals
. Hiorth [9] Carbonate . . .
tion —Release of adsorbed polar components accompanies the dissolved minerals —
Reservoir rock will be stronger water-wet —Improve oil recovery
Seawater injection —Increase ion concentration —Absorption on carbonate rock
. surface and decrease positive charge on rock surface —Increase in concentration
Surface ion-Ex- . . . . .
b Zhang [10] Carbonate of Ca*? and Mg™ ions near rock surface —Reaction of divalent cations with polar
change
¢ compound in oil and formation of complexes with these ions —removal of Car-
boxylic materials from the rock surface
. . . . Interaction between brine and oil — Formation of microdispersion of water in oil
Micro-Disper- | Emadi, Sohrabi | Sandstone and . L . K i .
. — Adsorption of polar component in oil by these microdispersion — desorption
sion [11] Carbonate .
of oil from the rock surface
Clay particles act like membranes in the pore throats — Osmotic pressure between
Osmotic Pressur | Sandengen [12] | Sandstone the low salinity injected water and the formation water will expell the remaining
oil inside the pores
. Decreasing the salinity of injected water from a certain amount —Increasing the
L Austad, Rezaei- | Sandstone and . . . . .
Salting-in Effect solubility of organic compounds in water — desorption of some organic matter
doust [5] Carbonate .
that is weakly attached to the clay surface
. . Decreasing water salinity — Increasing oil droplet area and elasticity proprtiy
Viscoelasticity Sandstone and - i K . L .
Alvarado [13] between oil and water interface — Increasing oil phase continuity during water
Property Carbonate

injection— Increasing oil recovery factor

Field Application Study

In recent years, low-salinity water flooding has
been considered as an efficient,
environmentally friendly method for

low-cost and
increasing

experiments on low-salinity water injection in different
reservoirs, including sandstone and carbonate.The
main results for each case are briefly mentioned.

oil revovery in reservoirs. Table 2, introduces field



Petroleum Research, 2022(April-May), Vol. 32, No. 122

Table 2 Summary of field experiments of low-sal water flooding in sandstone and carbonate reservoirs

Researcher Field Name and Properties T(°C) Forn?atlon water | Inj ?C.t ed brine Benefits
salinity (ppm) salinity (ppm)
Sandstone Reservoirs
o .
Alaska North Slope Prudhoe Bay 66 23000 3000 8%, reduct}on
McGuire [8] field, Oil Viscosity: 0.8 cP, Endicott | 103 23000 3000 4%, reduction
Fielci Clav: 7% ¥y o ’ 103 7000 2200 4% S reduction
¥ 99 28000 1500 9% S, reduction
g‘:‘?‘;ff/Fleld 28000 1500 9% S, reduction
Seccombe [ 14] Cla? 1 22/ 99 28000 10 11% S reduction
. 0 0, .
Clay: 14% 28000 180 17% S, reduction
Lager [6] Alaskan Oil Field 2008 16640 2600 2% S, reduction
Minnelusa field, Oil Viscosity: 15.2
cP 62 60000 10000 27.5% S, reduction
Robertson [15] West Semlek (WS) 60 42000 3304 32.5% S reduction
North Semlek (NS) 93 128000 7948 31.5% S reduction
Moran (M)
ﬁ"z]nage’ Thyne | wyoming Minnelusa fields 6875  [1134-261982 | 300-600 no significant benefit
Giant Middle Eastern clastic, Clay: o .
Webb [17] <5%, Oil Viscosity: 0.46-50 cP 77 220000 3000 25-50% S reduction
Omar Oil Field (Isba), Clay: 0.5-4%, o) -
Vledder [ 18] Oil Viscosity: 0.3 cP 90000 500 10-15% incremental recovery
. Snorre field, (Upper Statfjord forma- —
Skrettingland [19] tion), Clay: 10-20% 90 34020 440 No significant benefit
Abdulla [20] Burgan Oil field 140000 5000 3% S,, reduction
Al-Qattan [21] Burgan Oil field, (Wara formation) 54-57 148000 692 3% S, reduction
West African Oil Field, Oil Viscosity: No significant benefit Due to
Callegaro [22] 0.6 cP 88 27000-87000 200 the low clay content and low
cgaro North African Brown Field, Oil Vis- | 76 39000 1000 Sor
cosity: 68 cP 5to 11 % S reduction
- . Bastrykskoye 310459 1950 No significant benefit
Zeinijahromi [23] Zichebashsk 25 No sienifi benefi
ichebashskoe 148529 348 o significant benefit
Akhmetgareev [24] | Pervomaiskoye, Oil Viscosity: 5.8 cP | - 252738 848 5-9% incremental recovery
Carbonate Reservoirs
Austad [10] Ekofisk reservoir, North Sea 130 68050 33498 34% incrematal recovery
increase in oil production,
Griffin [25] Valhall field, North Sea 90 - decrease in GOR and reduced
water cut
Saudi Arabia Upper Jurassic, Oil Vis- 37670 3767 7% S_ reduction
Yousef [26] itv: 0.691 cP 100 6% Sm ducti
cosity: 8.71 ¢ 57670 28835-5767 | °7° Do feCuction

Screening Criteria for Smart Water Flooding

The key parameters in smart water injection that im-
proves oil recovery in sandstone and carbonate res-
ervoirs, are the injection brine composition and ionic
strength, connate water composition and saturation,
rock type, clay content and type of clays present in the
rock material, reservoir temperature, initial wettability

of reservoir rock, crude oil composition and its acid/
base number and experiments conditions such as aging
procedure and injection flowrate. Based on litereture,
several factors should be considered befor smart water
injection. A preliminary screening criterions are pro-
posed in Table 3.
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Formation Type Variable Favorable
EOR mode Secondary
Sandstone and Carbonate Original Wettability Strongly Oil-Wet

Oil composition

Containing Polar Materials

Presence of Clay in Rock Yes

Connate Water Contain of Bivalent lons
Sandstone Initial pH of formation water pH<6

Salinity of Injected Water 1000-5000 ppm

Amount of Clay in Rock High

Presence of PDIs in injected water Yes

Reservoir Temperature More than 90 °C
Carbonate

Presence of Na , Cl Ions Low

Presence of Anhydrate in Rock

Yes (Low-Sal injection)

Preliminary Feasibility Study of Low-Salinity Wa-
ter Injection in Bangestan Carbonate Reservoirs
The average oil recovery factor of Bangestan
formation in Iran is about 10%. Mostly, the rock of
these reservoirs is oil-wet and the average permeability
in these reservoirs is less than 1 mD. The amount of
dolomite and anhydride in these reservoirs is very low.
The depth of Bangestan carbonate reservoirs is 2100
to 4550 m below sea level and the thickness of the
reservoir rock is 300 to 1200 m. The temperature of
most of these reservoirs is higher than 90 oC. Many
wells in Bangestan reservoirs face the problem of
asphaltene deposition, which indicates the presence of
polar materials in the oil of these reservoirs.

Fazel Nasab et al. [27] performed spontaneous
imbibition experiments to investigate the injection
of low-salinity water into a carbonate reservoir in the
southwest of the Iran. The core plugs were mainly
calcium carbonate and in some of them, dolomite,
anhydride and clay were observed. The asphaltene
content of oil was 4.1%. However, the acid-number
was 0.08, which is very low. Experiments were
performed at reservoir temperature (120 °C). The
results of spontaneous imbibition experiments showed
that the oil recovery factor due to the injection of
Persian Gulf water and 10 times diluted Persian Gulf
water will increase up to a maximum of 12% (Figure
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Fig. 1 oil recovery factor due to the Persian Gulf water and 10 times diluted Persian Gulf water injection [27]

Mokhtari and Ayatollahi [28] performed various
experiments to investigate the injection of low-salinity
water in one of the carbonate reservoirs in southwestern
of the Iran. The core plugs used were mainly calcium
carbonate, in some of which dolomite, clay and
anhydride were observed. Oil asphaltene content was
0.6% and oil acid-number was 0.14. Experiments were
performed at reservoir temperature (130 °C). The

results of spontaneous imbibition experiments showed
that changing the salinity of injected water would
significantly increase the oil recovery factor. So that the
oil recovery factor for the formation water was about
16% and for the Persian Gulf water was 50%. Also, with
the decrease salinity of the Persian Gulf water, the oil
recovery coefficient was increased to 61% (Figure 2).
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Fig. 2 Oil recovery factorfor various water salinities in spontaneous imbibition experiments [28].

Conclusions

1. Several mechanisms are effective in increasing oil
recovery through injection of smart water and low
salinity water. However, the main mechanism of this
method is to change the wettability from oil-wet to
water-wet. It should be noted that due to complex
chemical and physical reactions, it is difficult to
predict the performance of reservoirs under smart
water injection.

2. Due to smart water injection, an increase in recovery
factor of up to 30% on laboratory scale and a reduction
ofresidual oil between 2 to 50% in field scale compared
to conventional water injection has been observed.

3. In order to use smart water as a technology to
increase oil recovery, the interaction between rock, oil
and water and the mechanisms affecting the injection
of smart water must be well studied by performing the
relevant experiments.

4. According to laboratory studies, the most important
parameters affecting the injection of smart water
and low salinity water in reservoirs include ionic
composition and salinity of the formation water,
ionic composition and salinity of injected water, rock
material, reservoir temperature and oil composition.

5. Prerequisites for successful injection of smart water
into carbonate rocks are high reservoir temperatures,
the presence of PDIs in the injected water, mixed
wettability of the rock, and the presence of polar
materials in the oil. Also, the presence of anhydride
in the carbonate rock is necessary for the successful
injection of low-salinity water.

6. Prerequisites for successful injection of low-salinity
water in sandstones include salinity of injected water
less than 5000 ppm, mixed wettability of the rock, the
presence of clay in the rock and the presence of polar
materials in the oil.

7. Iran's carbonate reservoirs are suitable candidates for
smart water injection due to temperature, wettability,
pH and the presence of polar materials in the oil. Also,
the presence of anhydride and clay in these reservoirs
increases the chances of successful injection of low-
salinity water.

8. Studies shows that injection of Persian Gulf water
in one of the carbonate reservoirs has led to a 12%

increase in oil recovery factor. Also, the injection of
Persian Gulf water in the mode of secondary injection
has led to a 34% increase in oil recovery.
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