NTNU - Trondheim
Norwegian University of

Science and Technology

Simulation Study of Enhanced Oil
Recovery by ASP (Alkaline, Surfactant
and Polymer) Flooding for Norne Field
C-segment

Farid Abadli

Petroleum Engineering

Submission date: July 2012

Supervisor: Odd Steve Hustad, IPT
Co-supervisor:  Jon Kleppe, IPT

Norwegian University of Science and Technology
Department of Petroleum Engineering and Applied Geophysics






Simulation Study of Enhanced 0Oil Recovery by
ASP (Alkaline, Surfactant and Polymer)
Flooding for Norne Field C-Segment

MASTER THESIS
Farid Abadli

Supervisor: Odd Steve Hustad

®NTNU

NORWEGIAN UNIVERSITY OF SCIENCE AND TECHNOLOGY
DEPARTMENT OF PETROLEUM ENGINEERING AND APPLIED
GEOPHYSICS

2012



Abstract

This research is a simulation study to improve total oil production using ASP flooding method
based on simulation model of Norne field C-segment. The black oil model was used for
simulations.

Remaining oil in the reservoir can be divided into two classes, firstly residual oil to the water
flood and secondly oil bypassed by the water flood. Residual oil mainly contains capillary
trapped oil. Water flooding only is not able to produce capillary trapped oil so that there is a
need for additional technique and force to produce as much as residual oil. One way of
recovering this capillary trapped oil is by adding chemicals such as surfactant and alkaline to
the injected water. Surfactants are considered for enhanced oil recovery by reduction of oil—
water interfacial tension (IFT). The crucial role of alkali in an alkaline surfactant process is to
reduce adsorption of surfactant during displacement through the formation. Also alkali is
beneficial for reduction of oil-water IFT by in situ generation of soap, which is an anionic
surfactant. Generally alkali is injected with surfactant together. On the other hand, polymer is
very effective addition by increasing water viscosity which controls water mobility thus
improving the sweep efficiency.

In the first place, ASP flooding was simulated and studied for one dimensional, two
dimensional and three dimensional synthetic models. All these models were built based on C-
segment rock properties and reservoir parameters.

Based on test runs, well C-3H was selected and used as a main injector in order to execute
chemical injection schemes in the C-segment. Five studies such as polymer flooding,
surfactant flooding, surfactant-polymer flooding, alkaline-surfactant and alkaline-surfactant-
polymer flooding were considered in the injection process and important results from
simulator were analyzed and interpreted. Sensitivity analyses were done especially focusing
on chemical solution concentration, injection rate and duration of injection time.

The polymer flooding project in this study has shown a better outcome compared to water
flooding project. Economically best ASP solution flooding case is the flooding with
concentration of alkaline atl.5kg/m3, surfactant at 15kg/m3 and polymer at 0.35 kg/m3
injecting for 5 years. AS flooding case for 4 years with alkali concentration at 0.5kg/m3 and
surfactant concentration at 25 kg/m3 gave highest NPV value.

It was found that surfactant flooding has a promising effect and it is more profitable than
polymer flooding for the C segment in terms of NPV. Economic sensitivity analysis (Spider
diagram) for low case, base case and high case at different oil prices, chemicals prices, and
discount rate were also presented. It was found that change in oil price has significant effect
on NPV compared to other parameters while polymer price has the least effect on NPV for
high and low cases.
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Nomenclature

M Mobility Ratio

Rs Resistance Factor

Rk Permeability Reduction Factor

Rrr Residual Resistance Factor

Aw Water Mobility

A0 Oil Mobility

Krw Water Relative Permeability

Kro Oil Relative Permeability

Ho Oil Viscosity

Hw Water Viscosity

qw Water Flow Rate

qo Oil Flow Rate

¢ Porosity

K Permeability

Sw Water Saturation

So Qil Saturation

Cp Polymer Solution Concentration

EOR Enhanced Oil Recovery

ASP Alkaline, Surfactant and Polymer

AS Alkaline and Surfactant

SP Surfactant and Polymer

IFT Interfacial Tension

Nc Capillary Number

NPV Net Present Value

Pcow Capillary Pressure

Sorw Residual Oil saturation after water
flooding

Hs Surfactant Viscosity

Ca Alkaline Concentration

T Transmissibility

DF Discount Factor

Pore Velocity
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1 Introduction

Oil production period mechanisms can be classified as primary, secondary and tertiary
mechanisms. By the development of production time reservoir pressure is dropping, So
different methods are used to control pressure and increase production. Most large oil fields
are produced with some type of secondary pressure maintenance scheme, such as water
flooding, gas flooding etc.

Oil recovery mechanisms and their classifications are shown in Figure 1.

0il Recovery Mechanisms

Figure 1: Oil recovery mechanisms (1)



1.1 Enhanced Oil Recovery Methods

EOR methods include two general titled methods of non-thermal and thermal with specific
mechanisms for each one. Mainly, non-thermal production methods are widely used for
conventional reservoirs.

When secondary oil recovery is not enough to continue adequate production tertiary recovery
begins, but only when the oil can still be extracted profitably. This depends on the cost of the
extraction method and the current price of crude oil. When prices are high, previously
unprofitable wells are brought back into production; when they are low, production is
curtailed. Tertiary oil recovery reduces the viscosity of the oil to increase oil production.
Application of different kind of chemicals has been found profitable. Combinations of
chemicals may be applied as premixed slugs or in sequence. The choice of the method and the
expected recovery depend on many considerations, economic as well as technological.
Methods for improving oil recovery, in particular those concerned with lowering the
interstitial oil saturation, have received a great deal of attention both in the laboratory and in
the field. (2)

EOR METHODS
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Figure 2: Categorization of EOR methods (3)



Recovery Process Reservoir Lithology
Sandstone | Carbonate | Other”’
Steam Injection” 513 7 12
Thermal Methods Air Injection 2 10 1
Hot water 17
CO, 17 92 10
(Gas Injecti-:}nﬁ] Hydrocarbon 45 47 25
N, 19 14 2
Alkaline (A) 22
Polymer (P)” 267 54 g
Chemical Methods'”
Micellar Polymer (SP) 38 b
S, AP AS & ASP 20

(1) Include projects developed in combined lithology (sandstone-carbonate) as well as chalk, diatomite
and turbiditic reservoirs.

(2) Include steam stimulation, steamfloods and SAGD projects.
(3) Include Water Altemating Gas (WAG) projects.
(4) Does not include well stimulation with surfactants.
(5) Does not include projects injecting biopolymers.
source: U'S. DOE/NETL TORIS database, Oil and Gas Joumal Bi-Annual EOR Surveys (1980-2004),
publications and personal communications.

Figure 3: IOR methods implemented by lithology




1.2 Alkaline Flooding

Alkaline flooding is an enhanced oil recovery method in which an alkaline chemical such as
sodium hydroxide, sodium orthosilicate or sodium carbonate is added to injected water. The
alkaline chemical reacts with certain types of oils and forms surfactants inside the reservoir.
Eventually, the surfactants play a big role to increase oil recovery by reducing interfacial
tension between oil and water.

The alkaline agents lead to the displacement of crude oil by raising the pH of the flooding
water. The reaction between alkaline and acidic components in crude oil forms in situ
surfactant at the oil-brine interface. Then the crude oil is mobilized by the mixture and the
mixture removes oil from the pore spaces in the reservoir. Normally, alkaline flooding has
been used only in reservoirs containing specific types of high-acid crude oils.

The process can be modified by the addition of surfactant and polymer to the alkali which
gives an alkaline-surfactant polymer (ASP) enhanced oil recovery method, essentially a less
costly form of micellar-polymer flooding.

Chemical EOR is commercially available under limited conditions such as reservoir
characteristics, depth, salinity, and pH level. The high cost of chemicals and reservoir
characterization studies needs to be reduced to allow expanded use of chemical enhanced oil
recovery methods before full implementation can take place. The addition of silicates is an
enhancement to alkaline flooding. The silicates have two main functions:

1) It is as a buffer, maintaining a stable high pH level to produce a minimum interfacial
tension

2) It improves surfactant efficiency through the removal of hardness ions from reservoir
brines, thus reducing adsorption of surfactants on rock surfaces.

On the other hand, alkaline flooding is not recommended for carbonate reservoirs because of
the profusion of calcium and the mixture between the alkaline chemical and the calcium ions
can produce hydroxide precipitation that may damage the formation. (2)

The main profits of alkaline are lowering interfacial tension and reducing adsorption of
anionic surfactants that decrease costs and make ASP a very smart enhanced oil recovery
process provided the consumption is not too large. By numerical simulation process, the
alkaline model can be planned and optimized to ensure the proper propagation of alkali,
effective soap and surfactant concentrations to promote low interfacial tension and an
encouraging salinity gradient.

Alkaline flooding is a complex process where interfacial tension reduction is not always the
key mechanism. Depending on the rock and crude properties, emulsification and wettability
alteration can play a major role in oil recovery from mixed-wet naturally fractured carbonates
(Liu et al., 2006; Fathi et al., 2008; Zhang et al., 2008). (5)

4



1.2.1 Mechanisms of Alkaline

Application of alkaline flooding has four mechanisms

“Emulsification and Entrainment” in which flowing alkali entrains the crude oil.

o “Wettability Reversal” (Oil-Wet to Water-Wet) in which change of wettability affects
change in permeability that makes increase in oil production.

o “Wettability Reversal” (Water-Wet Oil-Wet to) in which we get low residual oil
saturation through low interfacial tension.

e “Emulsification and Entrapment” in which movement of emulsified oil improves

sweep efficiency.

Right alkali is chosen based on some factors such as price and availability at the flooding
area, the PH level, the temperature and mineralogy of the reservoir and composition of the
mixed water. (6)

1.2.2 In-Situ Soap Generation

Eventually, soap in situ is generated by reaction of alkali agents such as sodium carbonate
with acids in crude oil. Acid number is used as a measure for the possible amount of crude oil
to produce soap. The acid number is the quantity of KOH to neutralize the acid in oil
expressed in mg KOH/g oil. Fan and Buckley (2006) and Hirasaki (2007) discussed the new
protocols for acid number measurements. The making of soap is modeled by the partitioning
of acid in the crude oil (HA0) to water according to the solubility as: (5)

Kp
HA, =—2—=HA,,
o [Eay]
P [HA, |

HAw - the concentration of acid in water, KD - the partition coefficient.

By the time the acid in water will separate in the aqueous phase to generate soluble anionic
surfactant (A-) referred to as soap according to the expression below:

K
HA, +OH ——H,0+A"

The reaction above is one of the sources of alkaline consumption since the alkali uses
hydrogen to generate soap by the following process:

-

Ky o4+
HA, ——H +A



Figure 4: Schematic of alkaline recovery process (7)

1.2.3 Aqueous Reactions

Buffered reactions can be shown as aqueous reactions. General example of the buffered
reactions which are of interest to alkaline flooding process is the carbonate and bicarbonate
buffered solutions. (5)

H,0 < H" +OH™
HY +CO:™ & HCO3

2H' +CO7™ & H,C0;

1.2.4 Ion Exchange Reactions with Clay

lon exchange with clays in the rock causes a postponement in chemical breakthrough time
where it has the same effect as adsorption. These reactions are relatively rapid reactions and
are reversible. The hydrogen/sodium and sodium/calcium are example of key ion exchange
reactions. The hydrogen/sodium ion replace can have a big impact on alkali consumption in
proportion to the cat ion exchange capacity. (5)



H +Nat+OH = Na +H,0

H+ and Na+ are the adsorbed ions on the rock.

1.2.5 Dissolution and Precipitation Reactions

Dissolution and precipitation reactions constitute one of the most important reactions in
alkaline flooding. Insoluble salt formation by reaction with hardness ions such as calcium and
magnesium as a result of ion exchange from the rock surfaces is example of dissolution and
precipitation reactions. These reactions can cause significant loss of alkaline over an extended
period of time. (5)

S 2— P
Ca™ +CO3~ < (CaCOy

As an example kaolinite, AI2Si205(0OH)4, is found in most sandstone formations. The
dissolution of kaolinite at high pH can result in generation of aqueous types such as

Kaolinite +40H™ +3H,0 < 2 Al(OH),  +2H;3S5104

Or dissolution of kaolinite can lead to precipitation of albite or analcime:

Al:Si__'rOS (OH)4 + 2Nﬂ+ +20H + 4H4Si04 & 2NaAl Si_;Os (Alblte) +11H,0
Al,S1,05(0OH) 4 + 2Na'" +20H + 2H,45810,4 < 2Na AlS1,04.H,O(Analcime) +5H,0



1.3 Surfactant Flooding

Surfactant flooding is an encouraging enhanced oil recovery method. After a long term
water-flooding process, some amount of oil is left trapped in the reservoir due to a high
capillary pressure. To get moveable oil, surfactant agents are introduced into the reservoir to
increase oil recovery by lowering the interfacial tension between oil and water. Trapped oil
droplets are mobilized due to a reduction in interfacial tension between oil. The coalescence
of these drops leads to a local increase in oil saturation. An oil bank will start to flow,
mobilizing any residual oil in front. Eventually, the ultimate residual oil is determined by
interfacial tension between oil and surfactant solution behind the oil collection.

1.3.1 Interfacial tension

Low interfacial tension (IFT) between crude oil and water is significant for successful
enhanced oil recovery by surfactant flooding. Generally, main requirement of
alkaline/surfactant processes is targeting of ultralow interfacial tensions. For this purpose, the
right surfactant should be selected and evaluated at low and economic concentrations. On the
other hand, maintaining low IFT during the displacement process is a critical challenge
because of dilution and adsorption effects in the reservoir. Consequently, oil displacement
efficiency will be handled by IFT change from the static equilibrium value. The effect of
changing IFT on the in-situ behavior of given oil/brine system was studied by carrying out
IFT measurements with two surfactants using pre-equilibrated oil/brine/surfactant solutions.
To have better understanding of the process, displacement was studied in reservoir and Berea
cores. The parameters varied were type and concentration of injected surfactant, slug size and
chase fluid. Through the use of the effective IFT concept, the oil displacement efficiency
demonstrated good correlation with capillary number. The core flood experiments further
suggest that other factors may affect the movement efficiency and should be included in the
design of a cost-effective ASP flood. (8)

1.3.2 Structure of Surfactant

Hydrophilic head group and a lipophilic tail together contains surfactant molecule. The head
refers to the solubilizing group — the lyophilic or hydrophilic group in agueous systems and
the tail refers to the lyophobic or hydrophobic group in water. The whole molecule is called
an amphiphile telling a dual-nature which makes the surfactant reside at the interface between
the aqueous and organic phases, lowering the interfacial tension. The molecular structure is
shown in Figure 5. (9)
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Figure 5: Structure of molecular surfactant (10)

1.3.3 Surfactants types and some materials

During surfactant flooding process general types and some materials in use are follows:

Anionic Surfactants

Non-lonic Surfactants
Solubilizer

Chelating Agent

Cosolvents

Polymer

Large Hydrophobe Surfactants
hydrophobes



1.3.4 Classification of surfactants

Surfactants are classified to some specific types in terms of lonic nature of surfactants. These
species are anionic, nonionic, cationic and amphoteric chemicals. Description for each group
is given below.

Anionic

The charge on the molecular head group can be negative, positive and neutral. Anionic
surfactants are defined due to negative charge on the head group. This kind of chemicals have
some specifications such as stability, reducing IFT, low adsorption character. That is why
they can be considered effective chemical EOR components. Some examples can be shown as
anionic surfactants like carboxyl (RCOO-M+) and sulfonate (RS03-M+)

Cationic

Cationic surfactants have positive charge compared to anionic surfactants. Addition of
cationic surfactants to polymer flooding can increase efficiency by changing wettability.

Nonionic

Due to neutral charge on the head group some surfactant types are called nonionic. For
salinity stability analyses nonionic surfactants are highly used

Amphoterics

Amphoterics class consists of two or more of the other classes. The composition of these
surfactants can be mixture of anionic, cationic and others.
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Figure 6: Critical Micelle Concentration (10)
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1.3.5 Surfactant flooding potential in the North Sea

Implementing of surfactant injection in the North Sea has been discussed in the SPOR
MONOGRAPH mainly for the fields like the Oseberg and Gullfaks. Based on analyses and
studies implementing of surfactant project for the North Sea is encouraging and taking economic
side for getting higher efficiency and profit it is recommended to inject surfactant early period of
time before the reservoir is completely water-flooded. Improved Oil potential for surfactant
flooding on the Norwegian continental shelf is estimated to be 100 million Sms. (11)

1.4 Polymer Flooding

Polymer flooding is an enhanced oil recovery method that uses polymer solutions to increase
oil recovery by increasing the viscosity of the displacing water to decrease the water/oil
mobility ratio. During polymer flooding, a water-soluble polymer is added to the injected
water in order to increase water viscosity. Depending on the type of polymer used, the
effective permeability to water can be reduced in the swept zones to different degrees. It is
believed that polymer flooding cannot reduce the Sor, but it is still an efficient way to reach
the Sor more quickly or/and more economically. Adding a water-soluble polymer to the
water-flood allows the water to move through more of the reservoir rock, resulting in a larger
percentage of oil recovery. Polymer gel is also used to shut off high-permeability zones. In the
process, the volumetric sweep is improved, and the oil is more effectively produced. Often,
infectivity is one of the critical factors. The polymer solution should therefore be a non-
Newtonian and shear thinning fluid, i.e., the viscosity of the fluid decreases with increasing
shear rate. There are three potential ways in which polymer flooding makes the oil recovery
process more efficient:

e Through the effects of polymers on fractional flow.
e By decreasing the water/oil mobility ratio.
e By diverting injected water from zones that have been swept.

The most important preconditions for polymer flooding are reservoir temperature and the
chemical properties of reservoir water. At high temperature or with high salinity in reservoir
water, the polymer cannot be kept stabile, and polymer concentration will lose most of its
viscosity. (12)
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Figure 7: Comparison of oil saturation after polymer flooding and water flooding (13)
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1.4.1 Polymer Types

Polymer is a term used to describe a very long molecule consisting of structural units and
repeating units connected by covalent chemical bonds. The term is derived from the Greek
words: polys meaning many, and “meros” meaning parts. The key feature that distinguishes
polymers form other molecules is the repetition of many identical, similar, or complementary
molecular units.

There are mainly two types of polymers which might be effective in reduction of mobility
ratio:

Polyacrylamides- condensation polymers and their performance depend on the molecular
weight and degree of hydrolysis. When partially hydrolyzed, some of the acryl amide is
replaced by or converted into acrylic acid. This tends to increase the viscosity of fresh water
but reduces the viscosity of hard waters. Polyacrylamides can absorb many times of its mass
in water while ionic substances like salt cause the polymer to release some of its water.

They are relatively cheap, develop good viscosities in fresh water, and adsorb on the rock
surface to give a long-term permeability reduction. The main disadvantages are their tendency
to shear degradation at high flow rates, and their poor performance in high salinity brine.

Biopolymers- A biopolymers are derived from a fermentation process. It has a smaller
molecular weight than polyacrylamide. Its molecular structure gives the molecule great-
stiffness, a characteristic that gives the biopolymer excellent viscosifying power in high
salinity water. However, they have less viscosifying power than polyacrylamide in fresh
waters. They have good viscosifying power in high salinity water and good resistance to shear
degradation. Also, they are not retained on the rock surface and thus easily propagate into the
formation than polyacrylamide, which can reduce the amount of polymer required for a flood.

One of the key parameters which need to be considered in polymer selection are:

e Injectability into the reservoir
e Ability to move through the formation

e Provide required viscosity
(14)
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1.4.2 Polymer Parameters

Polymer Solution Viscosity

The polymer solution viscosity is a key parameter to improve the mobility ratio between oil
and water and adjust the water intake profile. As injection viscosity increases, the
effectiveness of polymer flooding increases. The viscosity can be affected by a number of
factors. First, for a given set of conditions, solution viscosity increases with increased
polymer molecular weight. Second, increased polymer concentration leads to higher viscosity,
and increased sweep efficiency. Third, as the degree of HPAM hydrolysis increases up to a
certain value, viscosity increases. Fourth, as temperature increases, solution viscosity
decreases. Polymer degradation can also decrease viscosity. Fifth, increased salinity and
hardness in the reservoir water also decreases solution viscosity for anionic polymers.

The effectiveness of a polymer flood is directly determined by the magnitude of the polymer
viscosity. The viscosity depends on the quality of the water used for dilution. A change in
water quantity directly affects the polymer solution viscosity. Normally water quantity
changes with the rainfall, ground temperature and humidity during the seasons. The
concentrations of Ca2+ and Mg2+ in the water source are lower in summer and higher in
winter. Consequently, the polymer viscosity is also relatively higher in summer and lower in
winter.
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Figure 8: Viscosity versus concentration for different salinities

Two factors should be considered when choosing polymer molecular weight. First, the
polymer with highest Mw is practical to minimize the polymer volume. Second Mw must be
small enough so that polymer can enter and propagate effectively through reservoir rock. (12)
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Polymer Molecular Weight

The effectiveness of a polymer flood is affected significantly by the polymer molecular
weight (Mw). As illustrated in Figure 9, polymers with higher Mw provide greater viscosity.
For many circumstances, larger polymer Mw also leads to improved oil recovery. Core flood
simulation verifies this expectation for cases of constant polymer slug volume and
concentration. (12)
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Figure 9: Viscosity versus concentration

Polymer Solution Concentration

The polymer solution concentration dominates every index that changes during the course of
polymer flooding.

1) Higher injection concentrations cause greater reductions in water cut and can shorten the
time required for polymer flooding. For a certain range, they can also lead to an earlier
response time in the production wells, a faster decrease in water cut, a greater decrease in
water cut, less required pore volumes of polymer, and less required volume of water injected
during the overall period of polymer flooding. As polymer concentration increases, enhanced
oil recovery increases and the minimum in water cut during polymer flooding decreases.

2) Above a certain value, the injected polymer concentration has little effect on the efficiency
of polymer flooding. For a pilot project, the economics of injecting higher polymer
concentrations should be considered. The polymer solution concentration has a large effect on
the change in water cut. However, consideration should also be given to the fact that higher
concentrations will cause higher injection pressures and lower injectivity. For individual
wells, the concentration can be adjusted to meet particular conditions. (12)
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1.4.3 Polymer Flooding Effects

Polymer Adsorption

The amount of polymer adsorbed depends on the nature of the polymer and the rock surface.
Both physical adsorption of polymer on solid surfaces and polymer retention by mechanical
entrapment appear to play a big role in total polymer retention in a reservoir. Generally, three
phenomena have been observed regarding polymer adsorption: (1) laboratory tests often
indicate higher adsorption than field performance; (2) adsorption is significantly less in
consolidated cores than in sand packs; and (3) adsorption increases with increasing water
salinity.

Typical field adsorption values range from 20 to more than 500Ib/acre-ft. Laboratory
adsorption values range from 30 to several hundred jug m/gm.13 note that laboratory results
often cannot be extrapolated to predict polymer adsorption in oil reservoirs, polymer retention
is also important. (12, 15)

Polymer Retention

Retention of polymer in a reservoir can result from adsorption, entrapment or with improper
application, physical plugging. Polymer retention tests are usually performed a polymer flood
oil recovery test. If polymer retention tests are conducted with only water initially present in
the core, a higher level of retention will result from the increased surface area available to the
polymer solution in the absence of oil. Effluent samples from the core are collected both the
polymer injection and a subsequent water flush. These samples are analyzed for polymer
content. From a material balance, the amount of polymer retained in the core is calculated.
Excessive retention will increase the amount of polymer that must be added to achieve the
desired mobility control. The level of polymer retained in a reservoir depends on a number of
variables:

permeability of the rock, surface area, nature of the reservoir rock (sandstone, carbonate,
minerals, or clays), nature of the solvent for the polymer (salinity and hardness), molecular
weight of the polymer, ionic charge on the polymer, and the volume of porosity that is not
accessible to the flow of polymer solution. (12, 15)

Inaccessible Pore VVolume

Polymer solutions propagate through porous media at a velocity different from that of water
because of adsorption and inaccessible pore volume. Adsorption tends to move the front edge
of a polymer slug at a slower velocity than the water bank, and inaccessible pore volume
tends to move the polymer slug at a higher velocity than the water bank. The combination of
the two effects results in a smaller slug that is shifted forward. The phenomenon of
inaccessible pore volume was first reported by Dawson and Lantz. They showed that all the
pore space may not be accessible to polymer molecules and that this allow be accessible to
polymer molecules and that this allows polymer solutions to advance and displace oil at a
faster rate than predicted on the basis of total porosity. They also concluded from laboratory

15



results that about 30% of the total pore volume in the rock samples used was not contacted by
the polymer solution.

The inaccessible pore volume can have beneficial effects on field performance. The rock
surface in contact with the polymer solution will be less than the total pore a volume, thus
decreasing the amount of polymer adsorbed. More importantly, if connate water is present in
the smaller pores inaccessible to the polymer, the bank of connate water and polymer-
depleted injection water that precedes the polymer bank is reduced by the amount of
inaccessible pore volume. However, movable oil located in the smaller pores will not be
contacted by the polymer in some cases, and therefore it may not be displaced. (12)

Permeability reduction

Polymer reduces both the effective permeability of porous media and the mobility of
displacing fluid the permeability reduction described by a reduction factor Rk:

Where Kw and Kp are the effective permeability of water and polymer. The mobility, change
due to combined effect of increased viscosity and reduced permeability is the Resistance

Factor Rr: "
Rr — R py R _ 20
M S

The effect of permeability reduction persists even after the polymer solution has gone through
the porous media. This effect is described by the residual resistance factor Rrr. (12)

Where Ap and L"p are the matilities before and after polymer solution, respectively.
Dependence of Polymer behavior on shear rate

Both types of polymer solutions are known to exhibition non-Newtonian, shear-thinning fluid
behavior. Shear thinning properties usually can be determined in the laboratory using
Brookfield viscometer.

ShearRate=Cv/,/K*¢

However, determination of the viscometric behavior of polymer solutions in reservoirs is
more complex because shear rates are not well defined in the rock matrix.
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At a given flow velocity or shear rate, the higher the polymer molecular weight is , the greater
the mobility reduction will be, The degree of permeability reduction or residual resistance
also increases with increasing polymer molecular weight. (12)

Displacing residual Oil in “Dead Ends”

Effect of polymer were studied in a laboratory using a glass etched core model with pore
diameter of 250Urn, the oil in the core was first flushed by water until the water cut was
100%, then glycerin with viscosity of 30cP until 100% water cut, and then finally by
polyacrylamide fluid (viscosity 30 cp) until 100 % water cut. The results showed that
viscosity alone cannot mobilize the residual oil as shown by the glycerin flooding. However,
the polymer fluid mobilized 4 times the amount of residual oil out of the dead ends than the
glycerin. The polymer “dragged” the residual oil from the dead ends because of its elastic
properties, where the fluids in front can pull the fluid behind and beside it. The elastic
properties are lacking in the water and glycerin.

After Walter Flooding After Glycerin Flooding After PANM Flooding

Figure 10: Residual oil in dead ends flushed by water, glycerin, and Polyacrylamide (13)

1.4.4 Mobility Control

During a standard water-flood the sweep efficiency achieved is usually not as good as desired.
A fingering effect of the water flooding into the oil bank is usual problem (Figure 11). At the
bottom (Figure 12) the use of a polymer has reduced the effect of fingering significantly, and
as described above by avoiding fingering i.e. decreasing water saturation behind the front we
are achieving piston like displacement and by that volumetric sweep can be improved.

Polymer is often added to the surfactant solution to increase its apparent viscosity giving
potential to increase both volumetric sweep efficiency and displacement efficiency.
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Production Water Injection Production

Figure 11: Fingering effect with water flooding

Production Polymer Injection Production

Figure 12: Decreased effect of fingering with polymer flooding
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2 Norne Field

The Norne Field is situated approximately 200 km from the Norwegian coastline. It is located on
the blocks 6608/10 and 6508/1 in the southern part of the Nordland Il area. The water depth in
the field zone is nearly 380 m. The main operator of the field is Statoil ASA and Eni Norge AS and
Petoro are license partners.
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Figure 13: Location of the Norne Field and field segments (16)
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Figure 16: The drainage strategy for the Norne Field from pre-start to 2014 (20)
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3 Simulation Results

ASP simulation was done for both synthetic models and for the field model. Three different
synthetic models were built based on the field data. Before doing ASP study analyses for field
model, simulation was applied to one dimensional, two dimensional and three dimensional
models.

3.1 One Dimensional Model

One dimensional model contains 12 grid blocks with dimension of 50m. One producer and
one injector were included to the model as shown in Figure 17. Simulation was run for
approximately 13 months. Firstly, water was injected for 3 months then it was followed by
particularly single chemical and chemical combination flooding for 10 months. In this model,
concentration of chemicals is considered such as alkaline at 0.2 kg/m3, surfactant at 0.15
kg/m3 and polymer at 0.2 kg/m3.

As it can be seen from Figure 18 and Figure 19, flooding of two and three solution chemicals
at the same time gives higher efficiency than flooding single chemical. Recovery factor is
observed between 40% and 50% for AS and ASP solution flooding cases. In one dimensional
flow efficiency of polymer seems lower than that of all other chemicals. When it comes to
reservoir presser it is evident that pressure is changing depending on the chemical type.
Combination of chemicals leads to relatively higher pressure drop where ASP solution
flooding causes lower reservoir pressure compared to highest pressure with surfactant case.
Pressure is almost stable during polymer flooding. The main reason for change of pressure
should be concentrations of typical chemicals.
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26830.0
2840.0
2850.0
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Figure 17: Overview of one dimensional Eclipse model
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Figure 18: Field Oil efficiency for different chemicals
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Figure 19: Reservoir pressure for different chemicals
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3.2 Two Dimensional Model

Flooding process was investigated in two dimensional model with the same grid properties
applied to one dimensional model which was taken from Norne C-segment field model. For
new model six new grid blocks were added in Y direction.

From figure 21, ultimate recovery factor is highest for ASP and polymer cases while it is
lowest for surfactant flooding case. All chemical together makes better sweep efficiency
improving mobility ratio and attendance of surfactant and alkaline causes to produce trapped
oil by decreasing interfacial tension (IFT).
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Figure 20: Overview of two dimensional Eclipse model
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Figure 21: Field Oil Efficiency for different chemicals
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3.3 Three Dimensional Model

The effect of ASP chemicals was analyzed for Cartesian synthetic model before applying
EOR study for the field model. Purposefully, new Cartesian model was built which contains
12x12x3 grid blocks with the porosity of 0.30. The model is homogeneous in all directions.

Injection was controlled by injector bottom-hole pressure so the pressure was set to 325bar.
Chemical cases such as surfactant, polymer, AS and ASP flooding for 10 months was
simulated after 3 months’ pre-water injection.

From simulation results, we can see that all chemical flooding cases perform efficiently in
comparison to base case, but only polymer flooding case has lower efficiency in terms of oil
recovery. Even based on one dimensional flow model analyses polymer was found poor
effective chemical. ASP combination flooding leads to highest oil recovery and lowest water
cut improving volumetric sweep efficiency and having less fingering effect.

These flooding cases carried out for the synthetic model gave general overview of how EOR
works with different special chemicals’ behavior. The application of ASP study on the field
model will be discussed in details later.

Figure 22: Overview of three dimensional Eclipse model
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Figure 23: Field Oil Efficiency for different chemicals
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Figure 24: Waster-Cut for different chemicals
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3.4 Simulation for C-Segment Field Model

Chemical studies and sensitivity analyses will be looked through to investigate ASP flooding
method in the field scale. Firstly we need optimal injector for chemical injection. Since the
injector has been chosen ASP will be applied with different parameter sensitivity analyses.

3.4.1 Injection Well Selection

Norne C-segment has 13 active wells including 9 producers and 4 injectors. Firstly, all these
wells were combined using well grouping option in Eclipse simulator. Most amount of the oil
reserve on the Norne main structure is located in the Ile and Tofte formations. For chemical
EOR investigation we need proper injector between these wells. Evaluation cases for selection
of injection well to implement future ASP project simulation study was applied to all injectors
through flooding of surfactant and polymer with the same injection rate to make decision on
optimal injector.

Year started to
Producers Injectors
produce

B-Z2H desembaer 1997 C-1H
D-1H nowvembeaer 1997 C-2H
D-2H desembar 1997 C-3H
B-aH april 1997 -2 H
C-AaH Jjumi 19938
B-1H april 1999
D-1CH nowvermbaer 2003
B-AH juli 2004
K-3H oktober 2006

Figure 25: C-Segment production and injection wells

As it can be seen from Figure 25 we have 4 injectors in C-segment, in the first place,
surfactant properties and relevant keywords were included to eclipse data file and continuous
surfactant was injected for 4 years through each injection well to compare well’s effect based
on filed simulation model’s production performance. The wells were added in 2005 injecting
surfactant with concentration of 15kg/m3 until the end of 2008, and then only water was
injected for rest of simulation life.

Figure 26 indicates that surfactant mixture with water has positive effect with all injectors on
oil recovery compared to base case performance. Obviously, injection through C-4H has
smallest effect among other wells but production is higher and almost the same when C-2H
and C-3H were used as a chemical injection well.
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Figure 26: Recovery factor for different surfactant injection wells

When we look at surfactant adsorption and production plots, injection with C-3H leads to
smallest adsorption in the formation and highest chemical production as a result of higher oil
production. This can be because of area around Well C-3H is high permeable zone and certain
amount of chemical reaches producers in a short time with low adsorption so we lose less
chemical in the reservoir but recovery is high. Based on surfactant implementing on wells
C-3H can be use as a main chemical injector.
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Figure 27: Surfactant Adsorption Total for different surfactant injection wells
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Figure 28: Surfactant Production Total for different surfactant injection wells

For optimal injection well selection polymer was used as well. Flooding was implemented
starting in 2013 lasting 4 years with polymer solution concentration at 3kg/m3 through all 4
injection wells (C-1H, C-2H, C-3H, C-4H). From Figure 29 and Figure 30 we can see that
polymer injection in well C-3H gives higher oil production compared polymer injection in
other injection wells and in this case production of polymer is relatively higher.
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Figure 29: C-segment total oil production with different polymer injection wells
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Figure 30: Polymer production with different polymer injection wells

Based on the proper well selection process in terms of surfactant and polymer flooding, well
C-3H gave better results among all injectors and it was selected an optimal well in order to
make all predictions, chemical sensitivity cases and ASP combination scenarios.

Figure 31: C-segment 3D view with production and injection wells
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3.4.2 Plan for Chemical Simulation Cases

ASP (Alkaline, Surfactant and Polymer) flooding as Enhanced Oil Recovery (EOR) method
was investigated through simulation study in different sensitivity cases. Main objective is to
increase overall filed oil recovery along with considering amount of total injected chemical in
an economic way. Purposefully, three different chemicals both individually and their
combinations for Alkaline -Surfactant (AS), Surfactant-Polymer (SP) and combination of all
chemicals (ASP) were injected mixing with pure water with different solution concentrations.
Typical studies with special cases as shown below will be discussed and cases will be
evaluated economically in term of Net Present value (NPV).

Surfactant Study

Case 1: Surfactant flooding at concentration of 15kg/m3
Case 2: Surfactant flooding at concentration of 40kg/m3
Case 3: Continuous Surfactant flooding for 2 years
Case 4: Continuous Surfactant flooding for 3 years
Case 5: Continuous Surfactant flooding for 4 years
Case 6: Continuous Surfactant flooding for 6 years

Polymer Study

Case 1: Polymer flooding at concentration of 0.15kg/m3
Case 2: Polymer flooding at concentration of 0.3kg/m3
Case 3: Polymer flooding at concentration of 0.5kg/m3
Case 4: Polymer flooding at concentration of 0.8kg/m3
Case 5: Polymer flooding at injection rate of 5000kg/D
Case 6: Polymer flooding at injection rate of 8000kg/D
Case 7: Polymer flooding at injection rate of 11000kg/D

Alkaline —Surfactant (AS) Study

Case 1: AS flooding at concentration of 0.5kg/m3 and 25kg/m3 respectively
Case 2: AS flooding at concentration of 1.5kg/m3 and 25kg/m3 respectively
Case 3: AS flooding at concentration of 2.5kg/m3 and 25kg/m3 respectively

Surfactant -Polymer (SP) Study

Case 1: SP flooding at concentration of 15kg/m3 and 0.5kg/m3 respectively

Case 2: SP flooding at concentration of 40kg/m3 and 0.2kg/m3 respectively

Case 3: SP flooding at concentration of 15kg/m3 and 0.5kg/m3, following W1 and PLY inj

Alkaline-Surfactant- Polymer (ASP) Study

Case 1: ASP flooding at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3 for 2yrs
Case 2: ASP flooding at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3 for 4yrs
Case 3: ASP flooding at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3 for 5yrs
Case 4: ASP flooding for 4 yrs-slug at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3
Case 5: ASP flooding for 2 yrs following by 1yr WI and following by 2yrs PLY inj.

Case 6: ASP flooding for 4 yrs following by 1yr WI and following by 2yrs PLY inj.
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3.4.3 Surfactant Study

The effect of surfactant flooding in the reservoir has been analyzed with numerical simulation
of concentration sensitivity and injection time period sensitivity cases. Firstly, the surfactant
was modeled in Eclipse 100 where the assumption is that the surfactant exists only in the
water phase and the solution concentration is specified at a water injector. The main effect of
surfactant is reduction of oil-water interfacial tension (IFT).

3.4.3.1 Concentration Sensitivity

First surfactant case study is surfactant concentration sensitivity which contains of modeled
input concentrations at 15kg/m3, 25kg/m3, 40kg/m3. Injection was set starting in the
beginning of 2013 lasting till the end of 2016 with three mentioned concentration values.
Total oil production, total water production, total production of surfactant and adsorption of
surfactant for specific grid block around the injection well C-3H have been looked for
discussion.

From oil production and water production plots it is observable that effect of concentration
generally causes higher oil production compared single water injection which is base case, but
increase in amount of surfactant leads to increase in oil production and decrease in water
production. Because interfacial tension is reduced and trapped oil in the rock starts being
swept. Very little difference on recovery between three cases makes it possible that 15kg/m3
could be better choice considering economic side to avoid wasting chemicals. Key
observation from water production performance is that the same amount of water is produced
at concentration of 15kg/m3 and 25kg/ma3.

Plots for surfactant adsorption and production clearly indicate higher amount of chemical is
produced in higher concentration. In Figure 35 for adsorption in the 18th layer at specific
block (16, 23, and 18) which is close to well C-3H, big amount reaches to maximum
adsorption level earlier than small amount, so concentration is different for the certain time
interval in the grid block. From adsorption graph it is feasible that surfactant is adsorbed early
when solution concentration is high, on the contrary it is low and takes time when the
concentration is low.
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Figure 32: C-Segment oil production for different surfactant concentration
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Figure 33: C-Segment water production for different surfactant concentration
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Figure 34: Surfactant production for different concentration
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Figure 35: Surfactant adsorption in Block (16, 23, and 18) for different concentration
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3.4.3.2 Injection Time Period Sensitivity

Analyzing of injection time period is important activity for EOR project. So injection time
stage directly affects on reservoir behavior depending on early or later and how long
surfactant injection goes on. Four cases have been run for the same injection rate and the same
concentration but with different time period. These continuous cases includes: continuous
injection for two years starting in 2015, continuous injection for three years starting in 2014,
continuous injection for four years starting in 2016 and continuous injection for six years
starting in 2013.
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Figure 36: C-segment oil production for different continuous injection time period
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Figure 37: C-segment surfactant production for different continuous injection time period
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Figure 38: Well C-3H bottom-hole pressure for different continuous injection time period

From Figure 36 and Figure 37, it can be seen that longer injection period in early life of
simulation leads to higher oil production and obviously higher chemical mixture in the
flooding water. At different stages, injection for the period of 2, 3 and 4 years gave very close
recovery values. Based on the analyses, to maximize production and at the same time to
optimize the economic recovery long injection period is not profitable where injection for 2 or
3 years can be optimal choice. Even it can be wasteful injecting surfactant for 6 years when
taking economic evaluation into consideration which will be discussed in details later. That is
why better approach would be short term injection time period.

The injection well bottom-hole pressure is important parameter for EOR projects. There is a
need for detailed analyzing of pressure around the injection well to keep the formation
stability in the reservoir and avoid formation damage. Pressure graph demonstrates that with
the same injection rate and the same solution chemical concentration injector bottom-hole
pressure is going up a certain constant pressure limit for all injection time period sensitivity
cases.

To sum up, surfactant flooding is recommended for the Norne C-Segment especially when the
concentration is low and injection occurs in the early years. Injection of surfactant at a later
time might not be profitable.
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3.4.4 Polymer Study

As a part of ASP method, simulation study of polymer flooding is an important analyze.
Advantages of polymer solution with water are improving mobility ratio and making better
sweep efficiency. To investigate the polymer flooding in the C-Segment polymer properties
such as viscosity, concentration and adsorption parameters were included to the base case
model. To have better understanding of the flooding process sensitivity analyses have been
done for solution concentration effect and injection rate effect. Important simulation results
have been included to the report with comparison of different cases. Some assumptions have
been considered for the process.

1. Isothermal conditions

2. No chemical, mechanical, and biological degradation is modeled

3. No chemical reactions between polymer and formation, oil and any other components in
the water phase

4. Polymer exists in water phase only

5. Water density is not affected by polymer

6. Adsorbed polymer has no effect on pore volume

7. The adsorption of polymer on rock surface is assumed to be in equilibrium

3.4.4.1 Concentration Sensitivity

Choosing of proper polymer concentration should be detailed analyzed so concentration
directly affects to polymer solution viscosity and defining the size of the required polymer
injection slug whereas viscosity and injection slug causes big changes in oil production. To
evaluate and optimize the injection according to concentration simulation has been run with
concentrations at 0.15 kg/m3, 0.3 kg/m3, 0.5 kg/m3 and 0.8 kg/m3. For all these specific
cases injection has been planned starting from 2013 to the end of 2016, and then continuing
with only pure water injection.

In Figure 39, obviously, concentration at 0.8kg/m3 gives higher incremental oil production
because of higher viscosity. On the contrary, concentration at 0.15kg/m3 gives lower
incremental oil production. More importantly, higher injection concentrations cause greater
reductions in water cut and can shorten the time required for polymer flooding and all are
dealing increase in enhanced oil recovery. Polymer concentration directly reduces the
mobility ratio by increasing the water phase viscosity and also effective on the water
permeability to be decreased due to polymer adsorption, so the purpose of polymer
concentration in slug is to control the water viscosity by adding polymer into injected water
and improves the water driving efficiency. The polymer solution viscosity is a key parameter
to improve the mobility ratio between oil and water, as concentration increases, Vviscosity
increases and the effectiveness of polymer flooding increases.

As it can be seen from polymer production plot, the amount of produced polymer in the fluid
is lower for higher concentration. The reason can be that higher concentration makes viscosity
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to increase which causes improvement in mobility ratio that leads to flow spread in the
reservoir by diverting injected water from zones that have been swept and widening the flow
pattern zone by decreasing effect of fingering. As a result, more adsorption takes place
because of wide sweeping area. Taking these concepts, production of polymer is lower for
higher concentration in our case.
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Figure 39: C-Segment oil production for different polymer concentration
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Figure 40: Polymer production total for different concentrations
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Figure 41: The overview of Polymer flooding to Buckley Leverett method

It is believed that polymer flooding cannot reduce the Sor, but it is still an efficient way to
reach the Sor more quickly or/and more economically which is found in Buckley Leverett
solution as described in figure BL.

The graphs in Figure 42 and Figure 43 shows how pressure near the injection well change due
to polymer flooding at different concentrations. In the period of 4 years’ continuous injection
the incremental pressure is observed around injector but reservoir pressure starts to drop.
Study of concentration effect shows the rate of reservoir pressure is opposite dependent with
polymer concentration where concentration at 0.8kg/m3 leads to lower reservoir pressure.
However, consideration should also be given to the fact that higher concentrations will cause
higher injection pressures and lower injectivity. For the concentration at 0.8kg/m3 recovery is
highest but highest bottom-hole pressure where incremental pressure is more than 50 bars
makes it unfavorable case. Based on the analyses, the case at 0.8 kg/m3 is unfavorable though
the case at 0.5kg/m3 can be optimal proposal.

39



RESERVOIR PRESSURE

3307

320+ — PLY concentration 0.3 kg/m3
PLY concentration 0.5 kg/m3
— PLY concentration 0.8 kg/m3

3101 —— PLY concentration 0,15 ka/m3

300+

290+

Pressure (BARSA)

2801

2707

2607

250+— : : : : : : : : : : : : : :
2011 2012 2012 2013 2014 2015 2015 2016 2017 2017 2018 2019 2019 2020 2021 2021
TIME,years

Figure 42: Field reservoir pressure for different polymer concentration
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Figure 43: Well C-3H bottom-hole pressure for different polymer concentration
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3.4.4.1 Rate Sensitivity

Injection rate is a parameter which can be controlled easily so rate sensitivity is applicable in
most parametric studies. In this case rate sensitivity includes: polymer flooding for rate at
5000 Sma3/day, 8000 Sma3/day and 11000 Sm3/day. Injection rate for well C-3H was
8000sm3/D in the base case model. For sensitivity analyses this value was taken as medium
value and concentration was kept constantly at 0.3kg/m3 during flooding process.

Figure 44 illustrates that oil production is getting lower when rate is going up. In fact, this
point shows we need to be careful in rate control so rate should not be increased and simulator
tells us that base case rate is almost at a critical point. Oil recovery is higher for the minimum
tested rate at 5000sm3/D. The reason can be related to geological formation and early water
breakthrough.

Minimum pressure drop down zone is appeared when injection rate is lowest. Reservoir
pressure and injector well bore pressure (Figure 45 and Figure 46) are found with very similar
behavior at rate of 8000Sm3/D and 11000Sm3/D. High injection pressure and lower recovery
at higher rate tell us the possibility of fracturing in the reservoir. Based on simulation results,
injection rate at 5000Sm3/D or below this value is found being optimal.

Analyses show that polymer injection as EOR method is more efficient than water injection
because of improved mobility ratio, increasing the cumulative oil production and decreasing
the total water production. Oil recovery factor increases with an increase in polymer solution
concentration because of increase in displacing fluid’s viscosity, but decreases with rate
increase so lower injection rate causes much better volumetric sweep efficiency. More
importantly, rate control should be investigated in detail especially in polymer study.
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Figure 44: C-Segment oil production for different polymer injection rates
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Figure 45: Reservoir pressure for different polymer injection rates
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Figure 46: Injector bottom-hole pressure for different polymer injection rates
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3.4.5 Alkaline-Surfactant Study

After analyzing effect of polymer and surfactant individually the combination of Alkaline-
Surfactant (AS) was injected together into Well C-3H to get more incremental oil. Three
cases were simulated at constant concentration of surfactant but with three different
concentration of alkaline.

The cases are:

e AS flooding at concentration of 0.5kg/m3 and 25kg/m3 respectively
e AS flooding at concentration of 1.5kg/m3 and 25kg/ma3 respectively
e AS flooding at concentration of 2.5kg/m3 and 25kg/m3 respectively

There are some benefits of alkali which is applicable most of the flooding process. The main
concept of alkali surfactant flooding is the reduction of oil water Interfacial tension (IFT) and
alkali plays a big role in an alkaline surfactant process to reduce adsorption of the surfactant
during displacement. Important point is that AS reduces the amount of surfactant required and
causes higher production in an economic way.

As it can be seen from Figure 47 simulator has produced lower oil production for the AS
flooding with alkali at higher concentration. Obviously, production development is almost the
same with alkali concentration at 1.5kg/m3 and 2.5kg/m3. Simulation with lower
concentration at 0.5kg/m3 gives relatively better result. The reason can be that if alkali
concentration is too much it can decrease viscoelasticity of AS solution which can reduce
sweep efficiency. And we need to consider limit for alkali concentration due to the concept of
minimum achievable value of IFT which is optimal value for most positive effect on movable
oil. In our case, according to simulation result alkali is necessary for AS solution but high
alkali concentration is not so effective. Figure 48 tells us that more alkali concentration more
chemical production.

As a result, AS solution is an effective flooding process making more contribution with
attendance of alkali but key observation from simulation results is that high alkali
concentration low oil production. So Eclipse results for particularly alkali effect are matched
with lab results discussed in literature part.
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Figure 47: C-Segment oil production for different AS cases
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Figure 48: Alkali production for different AS cases

44



3.4.6 Surfactant-Polymer (SP) study

In this simulation study, the sequence of SP includes three cases such as combination of
surfactant and polymer injected for 4 years from 2013 with different chemical concentrations.
Additionally, in one case after 2 years’ SP flooding water was injected for 1 year which was
followed by polymer flooding during the next year, again WI occurred for rest of the
simulation life period.

Simulated cases:
e SP flooding at concentration of 15kg/m3 and 0.5kg/m3 respectively
e SP flooding at concentration of 40kg/m3 and 0.2kg/m3 respectively
e SP flooding at concentration of 15kg/m3 and 0.5kg/m3, following by W1 and PLY
flooding

In Figure 49 SP solution with surfactant at 15kg/m3 and polymer at 0.5kg/m3 leads to better
production efficiency and lower reservoir pressure (Figure 50) compared to SP with surfactant
at 40kg/m3 and polymer at 0.2 kg/m3. The main impact is due to the amount of polymer in
this solution so it makes better sweep efficiency. Higher polymer concentration means more
polymers for the same injection rate. According to simulation results, the key fact in SP study
is that injecting lower amount of surfactant in solution with higher amount of polymer is
better than injecting sufficiently higher amount of surfactant in solution with lower amount of
polymer.

As shown in Figure 51, during AS flooding period polymer effect is greater than surfactant
effect on pressure around the injector. So polymer concentration demands more optimization
analyses.

Conclusion is that SP solution causes higher oil production compared to single chemical
flooding with positive sides that surfactant decreases IFT at the time polymer improves
mobility by increasing fluid viscosity.
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Figure 49: C Segment oil production for different SP cases
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Figure 50: Field reservoir pressure for different SP cases
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Figure 51: Well C-3H bottom-hole pressure for different SP cases
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3.4.6 Alkaline-Surfactant- Polymer (ASP) Study

ASP flooding uses benefits of the three flooding methods simultaneously and recognized as a
cost-effective chemical flooding process increasing capillary number, improving mobility and
enhancing microscopic displacing efficiency. Field applications of alkali flooding often result
in poor recovery due to alkali loss caused by reaction with rock, low acid content of oil and
lack of mobility control. But, injecting a surfactant with alkali solution has been proven to be
an effective process to both alkali loss and low acid content of oil, while co-injection of
polymer with alkali or alkali/surfactant slugs considerably improves oil recovery. Observation
is that the synergism of alkali and polymer results from a combination of improved sweep and
mobilization of residual oil due to reduced interfacial tension and improved recovery by
combined ASP slugs is explained by the same mechanisms as of AP slugs. The alkali is
performing well in reducing the residual oil saturation by generating additional in-situ
surfactant. Adding surfactant to AP slugs further reduces interfacial tension, and attains
significantly higher recovery than AP slugs. (21)

For the duration of ASP flooding, the ASP solution initially moves quicker in the high-
permeability layer than movement in the middle and low permeability layers because complex
physicochemical reactions such as adsorption, retention and emulsion of the ASP solution
cause the flow resistance and the pressure to increase. Therefore, the pressure difference in
the high permeability layer becomes higher than those in the middle and low-permeability
layers which results in the fluid changing flow direction from high permeability layer toward
the middle and low permeability layers. (22)

Predominantly, the main use of this simulation study has been focused on time effect and
chemical amount effect. Alkali, Surfactant and Polymer concentrations were set to 1.5kg/m3,
15kg/m3 and 0.35kg/m3 respectively for all cases. The cases can be grouped such as
continuous ASP solution flooding for different years and one case in which simulation was
done for ASP slug with injection period of 1 year. Considered cases are listed below:

e ASP flooding at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3 for 2yrs
e ASP flooding at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3 for 4yrs
e ASP flooding at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3 for 5yrs
e ASP slug inj. for 4 yrs at concentration of 1.5kg/m3, 15kg/m3 and 0.35kg/m3
e ASP flooding for 2 yrs following by 1yr W1 and following by 2yrs PLY injection
e ASP flooding for 4 yrs following by 1yr W1 and following by 2yrs PLY injection
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From Figure 52 we can see that longer duration of ASP flooding gives better recovery. During
this time residual oil saturation is decreased while long and continuities flooding leads to
much trapped oil to move. As illustrated on the graph, periodical slug injection efficiency is
very close to the efficiency of longer continuous injection where slug injection demands less
chemical compared to continuous flooding. So the advantage of slug injection is to reduce
chemicals costs by means of lower amounts of chemicals. Obviously, based on the last two
cases injecting AS and polymer separately gives lower recovery. Considering this point,
attendance of all chemicals in the solution is more beneficial and would be better choice.

We get higher incremental reservoir pressure and injector well pressure when followed
polymer slug injection is used. But polymer in the solution with other chemicals does not
have so big effect on pressure increase. Due to the constant concentration of each chemical,
maximum injection pressure level while chemical flooding is stable for all cases since rate
does not change as well.

From what have been discussed above, ASP as an effective chemical flooding process and it
can be the potential EOR method for the C-segment.
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Figure 52: C-segment oil production for different ASP cases
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Figure 53: Reservoir pressure for different ASP cases
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Figure 54: Injector bottom-hole pressure for different ASP cases
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4 Economic Evaluation

Profitability analysis of the project is very important evaluation after the technical analysis is
completed. This analysis is the basis for investment decision of the project. For this EOR
project economic analysis and proper decisions have been done based on Net Present Value
(NPV). NPV takes into consideration the value of cash earned in the future and converts the
money to the present value. The equation below is used to calculate NPV.

Revenue — Expense 1

WV =G DF(T) = iy

Where “r” represents discount rate and “t” represents projects year. In this simulation study
implementation of ASP method started from 2013 and simulation lasted until 2022. The year
2013 is considered as a start year of the project therefore it is zero as a project year. So for
economic evaluation years started from zero till nine which is 2021. DF is discount factor (for
determining time value of money) that is taken to account in NPV formula.

A project is categorized as profitable when NPV is positive. And we are always encouraged to
choose higher NPV when we have many alternatives with positive NPV. A high NPV
indicates a high profitability from the project.

In our case, only revenue is got from selling of crude oil. It is assumed that expenses only
include surfactant costs, polymer costs and alkali costs. For a specific case to calculate NPV
and make decision, incremental revenue between chemical case and base case (no chemical,
only water injection) has been used as a basis cash flow. For the estimation of income, annual
total production data were taken from the Eclipse and included to excel.

The following prices for oil and chemicals were used. And conversion of units was done to
get NPV with NOK.

The crude oil price for current year is referred to http://www.oil-price.net/

oil price 85 UsD/bbl 3185.348767 MNOK/Sm3

Alkaline price 1.5 |usD/kg 82.037 NOK/kg

Surfactant price 3.3  |usD/kg 19.6614 NOK/kg

Polymer price 4 Usb/kg 23.832 NOK/kg

Discount rate 0.08 Conversion

Inflation rate 0.03 1bbl = 0.1589873 m3
1mA3= 6.28981057 bbl
1UsD= 5.958 MNOK
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Alh 1836405 L8309 LIE06 | 207E+M4 | 283E410 | 7015 | LA7ER07 | 2B3ER0 | 74E01 | 22510 | L6TEALR
A R L34E+09 L3E06 | 2MEHM | 2336410 0 0 | 293410 735600 | 2156410 | LG%Es12

018 L35E409 LE3EH09 LEE06 | 220E404 | A02EH10 400E410 | 68101 | 273E410 | L73EH12

01 L.36E+09 L86E+09 BOAEHS | L2TEHM | LOBEHID L96E+10 | 630801 | L23ES10 | L7412

10 LBTE09 LETEHY L5IE06 | 233404 | 3.52E410 1506410 | SB3E01 | 205E410 | L7412

ca [~ e |en | = oo [ ro | —

0
0
0
0

a L.33E+09 L8309 LO0E+06 | 240E404 | 3.83E410 J85E410 | SA0E01 | 208E410 | LTIESI2

Table 1: NPV for Polymer flooding at concentration 0.3kg/m3 for 4 yrs

Table 1 represents the procedure how to calculate NPV for one of the polymer cases.
Likewise, the procedure as described in the table was done for all chemical cases. Inflation
affected only oil price while assuming chemical prices are constant for predicted years. We
get present value by discounting net cash flow. Incremental oil production has been found by
subtracting annual base case production from production with polymer flooding. NPV for
each year was calculated cumulating of annual present value. We can see that cumulative
incremental NPV is 1.77E+12 NOK in the end of simulation life which is key element for
decision making of investment. Obviously, it is positive in this case and can make project
being accepted.

Economic evaluation process demonstrated in the Table 1 was done for all typical chemical
flooding cases and NPV values versus years were plotted in figure 55. By considering the
following plots, it is evident that the highest NPV is from AS flooding for 4 years with alkali
and surfactant at concentration of 0.5kg/m3 and 25 kg/m3 respectively. We have almost the
same expected net present value at 1.09E+13 NOK for SP case with concentration of
15kg/m3 and 0.5kg/m3 respectively. The incremental NPV for polymer cases are lower than
all other cases. Interesting observation is that in terms of NPV both AS and SP cases are
better than ASP solution cases. Even adding only surfactant to water makes higher expected
incremental NPV. Similarly, attendance of surfactant is visible in all high profitable cases.

As long as the expected net present value is positive, the project should be accepted but
considering many alternatives, the cases with surfactant and its solution leads to much profit
and based on the profitability evaluation and from investment point of view injecting only
surfactant should be better than injecting combination of chemicals for C segment. Surfactant
is very favorable chemical for the Norne C segment while polymer flooding is not encouraged
to implement because that single polymer cases cause lower income. Purposefully, more
analysis and studies are required to investigate surfactant effect for this field segment.
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NET PRESENT VALUE (NPV) FOR DIFFERENT CHEMICAL CASES
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ASP @ 1.5,15 & 0.35kg/m3 for 2 yrs

ASP @ 1.5,15 & 0.35 kg/m3 for 4 yrs

ASP @ 1.5,15 & 0.35kg/m3 for 5 yrs

ASfor 2yrs, followed by W1 & 2yrs PLY

ASfor 4 yrs, followed by W1 & 2yrs PLY

Figure 55: Net Present Value for Chemical Cases
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4.1 Economic Sensitivity Analyses

For this project sensitivity analysis has been done to examine the effect of uncertainties in the
predictions and assumptions on the profitability of the project. In our case five main
parameters are uncertain and can be changed. These are oil price, alkaline price, surfactant
price, polymer price and discount rate. These variables have effect on NPV. The analysis
shows that how much the cumulative NPV is sensitive by changing each of these five
variables. For this purpose, spider diagram has been used. To do sensitivity analysis, each of
single parameter (oil price, alkaline price, surfactant price, polymer price and discount rate)
was varied from low case to high case values while keeping all other base case parameters
constant. The table below represents the range of assumed values for each parameter.

Variables Low Case Base case High Case
Discount rate 0.11 0.08 0.05%
oil price 75 UsD/bbl a5 usD/bbl o5 UsD/bbl
Alkaline price 1 UsSD/kg 1.5 USD/kg 2 UsD/kg
Surfactant price 2  UsD/kg 3.3 UsD/kg 4.6 USD kg
Polymer price 2.5 USD/kg 4 UsSD/kg 5.5 USD/kg

Table 2: Values for variables at low, base and high case

The graphs in Figure 57 were plotted based on change values (%) for each variable shown in
Figure 56. From the results of the sensitivity analysis we can see that (+11.76) % and (-11.76)
% change in oil price causes (+11.77) % and (+11.77) % change respectively in NPV. This
means that change of oil price has a big effect on NPV value. Compared to chemical price
effect, percentage change of discount rate has great effect on NPV where change of

(-37.5) % and (+37.5) % in discount rate corresponds nearly (-9.44) % and (+11.31) % change
in NPV respectively.

Chemical prices have much lower effect on NPV compared to oil price. Surfactant has highest
impact of (+0.2/-0.2) % on NPV when it is deviated by (+39/-39) % from base case surfactant

price.

From analyses and observations, it can be concluded that oil price has highest impact on NPV
in terms of percentage change. On the contrary NPV is least sensitive to the polymer price.
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OIL PRICE

Low Case Base Case High Case
Oil price (NOK/Sm3) 2810.601853 3185.348767 | 3560.095681
Change (%) -11.76% 0.00% 11.76%
i k L
NPV 6.37E+12 7.22E+12 8.07E+12
Change (%) -11.77% 0.00% 11.77%
ALKALINE PRICE
Low Case Base Case High Case
Alkaline price (NOK/kg) 5.958 8.937 11.916
Change (%) -33.33% 0.00% 33.33%
i k L
NPV 7.22E+12 7.22E+12 7.22E+12
Change (%) 0.000779 % 0.000000 % -0.000779 %
SURFACTANT PRICE
Low Case Base Case High Case
Surfactant price(NOK/kg) 11.916 19.6614 27.4068
Change (%) -39.39% 0.00% 39.39%
i k L
NPV 7.22E+12 7.22E+12 7.22E+12
Change (%) 0.020264 % 0.000000 % -0.020264 %
POLYMER PRICE
Low Case Base Case High Case
Polymer price (NOK/kg) 14.895 23.832 32.769
Change (%) -37.50% 0.00% 37.50%
i k L
NPV 7.22E+12 7.22E+12 7.22E+12
Change (%) 0.000546 % 0.000000 % -0.000546 %
DISCOUNT RATE
Low Case Base Case High Case
Discount Rate 0.11 0.08 0.05
Change (%) 37.50% 0.00% -37.50%
i k L
NPV 6.54E+12 7.22E+12 8.04E+12
Change (%) -9.443865 % 0.000000 % 11.313196 %

Figure 56: Different variable changes and their impact on NPV

Change= (i-k)/K
Change= (L-k)/K
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Spider Diagram for Most Economical ASP Combination
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Figure 57: Spider diagram for ASP flooding case with ALK@1.5kg/m3,SURF@15kg/m3
&PLY @0.35 injecting for 5yrs
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5 Discussion

In this project main purpose was to investigate ASP flooding as a tertiary recovering method
in Norne field C segment through simulation study. The work was carried out using Eclipse
simulation.

Norne C segment has 13 active wells including 9 producers and 4 injectors. We needed to
choose one injection well to implement injection scheme and sensitivity analyses.
Purposefully, the same chemical injection strategy was applied through each of injector and
the impact on field production performance, chemical adsorption and production was studied.
Finally, the well C-3H was selected as an optimal injector based on its location and numerical
simulation results. This well was used as a chemical injector in the further ASP cases.

Firstly, only surfactant was added to water with different concentration and injection time
period cases. It was discovered that, flooding is profitable when the concentration is low and
injection occurs in the early years. Injection of surfactant at a later time might not be
profitable. On the other hand, long injection period might not be profitable. So injection for 2
or 3 years can be optimal choice. From economic evaluation results, surfactant is very
favorable chemical for the Norne C segment that all cases with surfactant gave high net
present value.

The next step was polymer flooding study. Analyses showed that polymer injection as EOR
method is more efficient than water injection because of improved mobility ratio, increasing
the cumulative oil production and decreasing the total water production. Oil recovery factor
increases with an increase in polymer solution concentration because of increase in displacing
fluid’s viscosity, but decreases with increase of rate so lower injection rate causes much better
volumetric sweep efficiency. The incremental NPV for polymer cases are lower than all other
cases which make polymer flooding as unfavorable method for C Segment.

Moreover, analyses were done for combination of 2 and 3 chemicals. From interpretations,
AS solution was an effective flooding process with attendance of alkali. Main observation
was that higher alkali concentration, lower oil production. SP solution caused higher oil
production compared to single chemical flooding with positive sides that surfactant decreases
IFT at the same time polymer improves mobility by increasing fluid viscosity. It was evident
that the highest NPV value belongs to AS flooding case. SP case with concentration for
surfactant at 15kg/m3 and polymer at 0.5kg/m3 was second best economical case. Simulation
study showed that ASP as an effective chemical flooding process can be the potential EOR
method for Norne C-segment by considering right chemical combinations with proper
concentrations and duration of injection time.

Spider diagram clearly proved that oil price and discount rate has highest impact on NPV in
terms of percentage change in price.
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6 Conclusion

e The injector C-3H is optimal well for ASP flooding in Norne field C-segment.

e The ASP flooding is applicable EOR method for C segment.

e Economically, surfactant is very favorable chemical for C-segment.

e It is more profitable to inject surfactant for 2 and 3 years and it is wasteful injecting
for 6 years.

e Polymer did not perform efficiently for both synthetic and field models.

e Change of chemical prices has lower effect on NPV compared to oil price.

e NPV was least sensitive to polymer price while it was highest sensitive to surfactant
price.

e Production of polymer is lower for higher concentration in our case.

e Simulation with lower alkali concentration gives relatively better result.

e AS flooding for 4 years with alkali and surfactant at concentration of 0.5kg/m3 and
25 kg/ma3 respectively gives highest NPV value.

e Polymer flooding at rate of 11000kg/D for 4 years gives lowest NPV which is most
unfavorable case.

e Economically best ASP solution flooding case is the flooding with concentration of
alkaline at 1.5kg/m3, surfactant at 15kg/m3 and polymer at 0.35 kg/m3 injecting for 5

years.
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7 Recommendation

For more accurate and real results it is recommended detailed laboratory work focused on C-
segment formation properties should be done considering ASP flooding. There is a need for
up-scaling strategy to be development for our field model. Moreover, selection of proper time
and duration of injection for chemical is important. Eclipse assumes that shear rate is
proportional to the flow viscosity and does not show shear effect in the reservoir. Taking the
possibility of share effect in the reservoir wide studies needs to be carried out.
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APPENDIX

A. Alkaline Properties

ALSURFST
--Alkaline
—--conc
--Kg/m3
0.0

6.0

15.0

20.0

30.0

ALPOLADS
--Alkaline

OCOWOWOWO WO
eNoNoloNoNeoNeoNe)

ALSURFAD
--Alkaline
--conc
--Kg/m3
0.0

OCOWOWOWOoO W
[cNoNoNoNoNoNe)

ALKADS
--Alkaline
--conc
--Kg/m3
0.0

P OOWORLROOW

Water/oil Surface
Tension Multiplier

Polymer adsorption
Multiplier

N

[cNeoNol NoNoNeN J
WUINOWOUINO

N

Adsorption
Multiplier

[cNoNoh NoNoNal
oOuINOOUINO

Alkaline Adsorbed
on rock
(kg/kg)
0.000000
0.000005
0.000007
0.000008
0.000009 /
0.000000
0.000005
0.000007
0.000008
0.000009 /
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B. Surfactant Properties

SURFVISC

--Surf conc Water Viscosity

--Kg/m3 Centipoises

0.0 0.318 ---0.42

5.0 0.449

10.0 0.503

15.0 0.540

20.0 0.630 /

SURFST

--Surf conc Water/oil Turface Tension
--Kg/m3 (N/m)

0 30.0E-03

0.1 10.0E-03

0.25 1.60E-03

0.5 0.40E-03

1.0 0.07E-03

2.0 0.01E-03

3.0 0.006E-03

5.0 0.004E-03

10.0 0.006E-03

15.0 0.008E-03

20.0 0.01E-03 /

SURFADS

--Surf conc Adsorbed mass

--Kg/m3 (kg/kg) = kg surf /kg rock
0.0 0.00000

1.0 0.00017

5.0 0.00017

10.0 0.00017 /

0.0 0.00000

1.0 0.00017

5.0 0.00017

10.0 0.00017 7/

SURFCAPD

--Log10 (capillary Miscibility
—--number) function 0 = immisible, 1= miscible
-8 0.0

-7 0.0

-6 0.0

-5.0 0.0

-2.5 1.0

0 1.0

5 1.0

10 1.0/

SURFROCK

--Adsorption Rock mass 1- reversible (desorption)
-—index density 2- irreversible
- Kg/rm3

2 2650 /

2 2650 /

62



C. Polymer Properties

--Polymer shear thinning data

-- Wat. Velocity Visc reduction
-- M/day CP

--0.0 1.0

--2.0 1.0 7/

-- Polymer solution Viscosity Function
PLYVISC

-— Ply conc. Wat. Visc. mult.
-- Kg/m3

0.0 1.0

0.1 1.55

0.3 2.55

0.5 5.125

0.7 8.125

1.0 21.2 /

-— Polymer Adsorption Function
PLYADS

-- Ply conc. Ply conc.

- Adsorbed by rock
-- Kg/m3 kg/kg

0.0 0.0

0.5 0.0000017

1.0 0.0000017 /
0.0 0.0

0.5 0.0000017

1.0 0.0000017 /
-- Todd-Longstaff Mixing Parameters
TLMIXPAR

1 1/

-- Polymer-Salt concentration for mixing
-— Maximum polymer and salt concentration
PLYMAX

-— Ply conc. Salt conc.

-— Kg/m3 kg/m3

1.0 0.0 /

--Polymer-Rock Properties

PLYROCK

--dead residual mass Ads.
-—pore resistance density Index
--space factor

0.16 1.0 2650.0 2
0.16 1.0 2650.0 2
RPTPROPS

"SURFVISC® F"PLYVISC® /

63

max .
Polymer
adsorption

0.000017 /
0.000017 /



D. Excel tables from economic evaluation

, . , Incremental ,

, , BaseCaseoil | production | Incremental | Surfactant | Surfactant | Net Cash | Discount | Present | Net Present
Time |Projectyear ) . ) ) OilPrice | Revenue |

pioduction | with [ oil production o injected | expences | Flow | Factor | Value |Value (NPV)

surfactant
(Vears| (5m3) m3 | [Sm3 | (NOK/Sm3) | NOK) lke) | (NoK) | (NoK) NOK) | (NoK)
013 0 L7903 | 183409 | 4MBE07 | LSOEs04 | BOE4I1 | A3BE407 | B.BIE+08 | B49E+1L| LOOE+0O0 | BA9E+1l | 8.49E+11
014 1 L30EH03 | 13409 | 4MED7 | LSOE#04 | BETEHID | A3BE407 | B.61E+08 | B.8GE+LL1| 9.20E01 | B20E+1l | LOTE+12
015 l LA2E409 LEGEHDY | A.58E407 LOIE+04 | 920R+11 | L3BR+07 | BGIE40R | 9.22E411| BTEQD | TS0R+11 | 2.46E4+12
2016 ] LE3E409 LEBERDS | A.62E407 LO7E404 | 95BEHLL | L3BE407 | BBIE40R | 9.97E4ll| 7.04E1 | T.0EHLD | 3220412
an 4 R LESEHD9 | A.6oE+7 LB | 992R1 0 0 | 992411 735601 | 7.5E41L | 3.95E412
018 3 L3409 | 190e409 | AIEAD7T | 220404 | LO4E412 0 0 | L04E+12| G.BIEQL | T.09E4IL | 4.63E412
019 i L36E409 | 2045409 | LBOEM03 | 22704 | A07EHD2 0 0 |407E+12 | 63001 | 257E412 | 7.20E412
020 1 L3093 | LI06409 | 2290403 | 233404 | 5200412 0 0 |5.260+17| S.83E01 | 2076412 | LO3Es13
01 i LA3E+09 LE0Y | ATAE407 L0E+04 | L1ED2 0 0 | L1dE+12| 540601 | 6.16E+11 [ 1.O9E+13
Table 3: Incremental NPV for Surfactant flooding at concentration of 15kg/m3 for 4 yrs
Ol
, , Incremental ,

, , BaseCaseoil | production | Incremental | Surfactant | Surfactant | Net Cash | Discount | Present |Net Present
Time  (Project year , , , | OilPrice | Revenue | .

pioduction | with | oil production oma injected | expences | Flow | Factor | Value |Value(NPV)

surfactant o

Vears m) | (m3) | (w3 | (Noksm3) | (NOK) | () | (NOK| | (NoK [NOK] | (NoK|
2013 0 L7908 | L79E#09 | 1S9E+06 | LSORD4 | 378E+10 | A3BE07 | BOLERDB | 3T0E+0| LOOEDD | 3.70E+10 | 3708410
04 1 LROER0S | LBGER0S | ASEA07 | LSSED4 | BETELl | A3BE07 | BOLERDB | B8OERIL| S.26EA1 | B20E+11 | B57E4I
2015 / LRIEN0S | LBOER0S | ASBEA07 | 2DIEeD4 | SZZELl | A3BEDT | BALERDB | S26+1L| BSTEAL | TS0E+LL | LASEL
16 3 L33E+09 | LBBESDS | 462E407 | 207E+04 | 938EsLL | A3BE0T | BALES0 | 9.97E+ID| THAEQL | TAOEHLL | 241E412
00 4 L3409 | LEOE#09 | 46OEHD7T | 214E404 | 92Es1l | A3BE07 | BLE408 | 991E+11) T3SEQL | T28E41L | 314E412
013 i LOE03 | LS0E+09 | AJIEHDT | 2200404 | LOAEs12 | 438407 | 61E+08 | LOE+IZ | 6.81E01 | T.05E#1l | 3.84E412
201 b LB6E03 | 204409 | LBOEW0B | 227ED4 | A07TESL2 0 0 [407E+12| 630601 | 2576412 | GA1EHD
200 1 LETEX0S | 2006409 | D26E408 | 233ED4 | S.26E+2 0 0 | 9.06E+12| SB3E0L | 307412 | G48E+12
il § L88E+03 | L93Es09 | AT6EHD7T | 240E404 | L14Es12 0 0 |LME+12| SA0E0D | 6.18E+11 | LOLEHI

Table 4: Incremental NPV for Surfactant flooding at concentration of 15kg/m3 for 6 yrs
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, i , Incrementz| ,
, , Base Caseoil | production | Incremental | Surfactant | Surfactant | Net Cash | Discount | Present | Net Present
Time  {Project year , , , .| OilPrice | Revenue |
production | with |oil production omal injected | expences| Flow | Factor | Value [Value(NPV)
surfactant
(ears m) | (m3) | fmd | Nowsm3 [ Nox) | (k) | (NoK | NoK) oK) | (oK
013 0 LTE0S | LE3E+08 | LABEHD7T | 1S0E404 | BAOE+Ll | LIVEWDE | 2306409 | BAGE+1l| LOOE+D | B48E+11 | BABE:I
it | LO0EDS | 185E+08 | A4ES07T | 193G+04 | BAVEsLL | LIVEWDE | 2306409 | B.83E#ll| 920001 | G.19E+11 | LA7E+12
005 2 L8E09 | L86Es0S | 458ES07 | 200E404 | 936411 | LIVEWDE | 230409 | 9.20E#11| B57EQL | 789E+1l | 246E+12
016 3 LBE9 | L8BEs0S | 463E407 | 207E404 | O60ELL | LIVEWDE | 230409 | 9.7E#11| 794EL | T0EsLl | 322412
07 4 LBEDS | L89Es0S | LO7E4D7 | 2040404 | 9.38E4lL 0 Q.00E:00 | 9.98E+11 | 735001 | T.4E411 | 395412
018 5 LOEH | LS0E09 | 476407 | 2206404 | LOSE2 0 O.00E+00 | LOSE+I2 | 6811 | 7126411 | 4.86E+12
019 b LOGEHDY | Z04Es09 | L0408 | 227404 | A09E12 0 0 |409E+12)| G30E0L | 258E+12 | 7.4E412
00 1 LOEHDS | LS6Es09 | G25e407 | 233G+ | LLIBE412 0 0 |216E412 ) S83E0L | L26E+12 | B.0E412
)] § LBEHY | L93E409 | B30T | 240404 | LIBE4D2 0 0 |LI6E+12| SA0E0D | 6.28E+10 | G212
Table 5: Incremental NPV for Surfactant flooding at concentration of 40kg/m3 for 4 yrs
0l
. Project | Base Caseoll | production |Incrementaloll] hementl Polymer | Polymer | Net Cash| Discount | Present Vet Prsn
Time , , | OilPrice | Revenue | Value
year | production | with | production | injected [expences| Flow | Factor | Value
from oll (NPY)
Polymer
(Years (sm3) bmy) | (smy | (NoK/sm3)| (NOK) e | (oK | (NoK (NOK] | (NOK)
0t 0| LBED | LTSEHR | M6 | LSOE | GAEHO | TOIEMS | LGTEAT | 629640 | LOGEHD | 62910 | 623410
04 | LB0EH0 139408 QA0EH7 | LSE+04 | L6BE#] | TOIEH0S | LO7EH07 | LeBELD | 9.26E-01 | LAeE+12 | L2E+12
015 2 L8269 L8269 LO3EH6 | 2016404 | 329410 | T01E05 | LO7EAOT [ 3.29E410| BS/E0L | 2826410 | L63EHL2
2016 ] R R L3RG | LO7EH04 | Z83EH10 | TOIEH0S | LOVEHDT | L83EMO| TSEOL | L2310 | LA7ERLZ
0 4 LAEH09 LR L3RG | L14EH04 | 293EH0 0 0 [ 299E#10 | 735001 | 213E410 | L6SHHD2
018 3 LA5EH0 1A5E408 L6 | L20E+04 | 402E410 0 0 [ 400E+10 | B8IE0L | 2TE410 | LT2E412
2009 b LE6ES 1369 G64EH05 | 227e+4 | LS6EHL0 0 0| L%EH0| 6.30E01 | L2310 | L73EHL2
00 I LETEHS LETEHS L3lEHE | 233604 | 352640 0 0| 3526410 | 333601 | 209410 | LTGEH2
i} § LBBEH09 LBBEH0S LOOEHG [ 240EH04 [ 385EH10 0 0 [ 385E+10 | 340E01 | 208E410 | LT7EHL2

Table 6: Incremental NPV for Polymer flooding at concentration of 0.3kg/m3 for 4 yrs
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0l

Incremental Net Present

, Project | Base Caseoil | production |Incrementaloil] Polymer | Polymer Net Cash | Discount | Present
Time . . | OilPrice | Revenue | Value

year | production | with | production ool injected | expences| Flow | Factor | Value o

Polymer
(Years) Gmd | () | (m3 (NOKSm3)| (NOK) | (k) | (NOK) | (NOK) (NOK) | (NOK)
013 0 179409 179+ J31EH06 | LOOEHM | O.9EH0 | 438EH05 | LOEHO7 | 6.9EH10 | LOOEH0 | 6.29E+10 | 6.29E+10
014 1 1.80E+09 L8309 BO0EHT | LOSEHM | LGGEH12 | 438EH05 | LOEH07 | LGBEH1Z | 9.26E-01 | L36E+12 | LA2EH12
15 l 1826409 L8209 LaJEH06 | 2014 | 307410 | 438EH05 | LOEHOT | J.06EHI0 | B57E-01 | 263E+10 | LdEH12
16 ] 13309 183409 LIEH6 | 207E+04 | 228410 | A3BEH05 | LOAEHO7 | 228E+10| 7H4E1 | LBIEHID | LAGEH2
i) 4 1L34E9 134E+3 §93EH5 | 2M4E+04 | 191E4D0 0 0 | LS1E#I0| 733201 | L40E#10 | LGdE+D2
18 5 185409 L8309 LIEH6 | 2206404 | 249E410 0 0 | 249410 | 6.81E-01 | LO9ES10 | LGSEHL2
013 i 1.86E+09 1.80E+09 AUEE | L27E0 | -9.38E408 0 0 [-9.36E408 | 630601 | -5.91E+08 | LG9EHL2
020 1 LA7EH9 L&TE3 196E+05 | 2B | 92449 0 0| 92EH09 | SB3E01 | 339409 | LTS
il § 1.33E+09 1836409 L9705 | 240404 | T.15E409 0 0 | 7156409 | SA0E01 | 136E+09 | LIOEHLD
Table 7: Incremental NPV for Polymer flooding at concentration of 0.15kg/m3 for 4 yrs
o Incremental Net Present

, Project | BaseCaseoil | production |Incrementaloil Polymer | Polymer |Net Cash | Discount | Present
Time . . | Oil Price | Revenue | Value

year | production | with | production toma injected | expences | Flow | Factor | Value Y

Polymer

(Years) (sm3) (sm3) (m3) |(NOK/sm3)| (NOK) () | [(NoK) | (NOK) (NOK) | (NOK)
013 0 L79EH9 L79E+09 L3266 LO0EH4 | 4T7EHO LEH06 | 287E407 | 4776410 | LOOEHD0 | 4.77E+10 | 4.77EHLD
014 1 LB0EH09 LE9EH(S 832407 L9EH4 | L67EH2 LEH06 | 287E407 | LO7EH1D | 9.26E-01 | LME+1D | L39EH2
2013 2 LB2EH09 LE2EH0S 9.32EH05 016404 | LESEHI0 LEH06 | 287E407 | LATEHI0 | 8.37E-01 | LOIE+10 | LOIEH2
2016 ] LE3EH9 LE3EH0S TO0EHS L07EH04 | LA5EH0 L6 | 287E407 | LASEHI0 | 7.94E-01 | LISE#10 | LG2EH12
17 4 LBEH9 LUEHS 13305 LUEHA | LaTEHO 0 0 L3TE410 | 735E01 | LISE#10 | L63E#12
013 3 LE3EH9 LESEHS L2EH6 LUEHA | 269EH0 0 0 L69E410 | 6.81E-01 | LB3ER10 | L.65E+D2
2019 ] LEAEH09 LEGES LB7EHS LUEH4 | 6.30E409 0 0 6.50E+09 | 6.30E-01 | 4.10B409 | LGSEH2
00 1 LBTEH0S LETEH0S 9,336+ LR | 2BEH0 0 0 L0E410 | 583601 | L30E#10 | L.66E+12
plin| § LEBEH9 LEBEH(S LOGEH6 LA0EH4 | 2.35EH0 0 0 1.33E410 | 540E-01 | 138E+10 | L.GBE+12

Table 8: Incremental NPV for Polymer flooding at concentration of 11000kg/D for 4 years

66




, , Base Case ol ml, cremental | el Surfatant | Surfatant | Polymer | Polymer | NetCash | Discount | Present | Net resent
Time | Project year .| production | | | OilPrice | Revenue | .

poduction | * | oilproduction .| inected | expences | injected | expences| Fow | Factor | Value |Value NRV)

with $P fromoil
(ears| (md) | (Sm3) | (Sm3) | NOK/Sm3] | (NOK bel | (NOK) | (ke | (NOK) | [NOK) (NOK] |~ MoK
03 0 LIE3 | LBEN0S | AABER0T | LSOED4 | BAOERID | G407 | BALE+08 | LAGEDG | 3486407 | BASEHIL| LOEAD0 | BASEHLD | BA%ELD
it ] LOORsS | LBOEWS | AMMEADT | LSSRs04 | BETERID | AJGEAOT | BSLESOR | LAGERDD | 3ABERD7 | BASEAIL| S26E01 | G206 | LOTEDD
013 ] LIRS | 1066403 | ASBERDT | Q0LE04 | S22EeI1 | G407 | BALE+08 | LAGERDG | 3ABE407 | S2EHIL| BATEQL | TSOEHLD | 265D
201 ] LBy | LBSEWS | AGIEAT | D07R04 | 938+ | AJGEAT | BSLESR | LASERDD | 3ABERDT | S7RIL| TSEQD | THORLD | BI0E4DD
07 4 LREHS | LO9EWS | dGSESDT | 24E404 | G241 0 0 0 0| G900 73500 | T.09E410 | 35E412
2018 ] LOB0 | IS0EWS | ATIEAT | 220B404 | LOMEHDD 0 0 0 0 | LOAERI2| 6811 | TOSEsLD | 463EH2
08 i LBEAS | 2040403 | LB0ESR | 227E404 | 40741 0 0 0 0 | 40712 3001 | 2A7E+12 | 720412
00 ] LOB0 | LI0EW9 | 12EW08 | 233G | 326EDD 0 0 0 0| 326612 | SH3E01 | 30742 | LO3EH3
| § LR | LS3EWS | ATOEAT | DADES4 | LIEDD 0 0 0 0| LUEH12| 340601 | 6.J6E+10 [ LSS
Table 9: Incremental NPV for SP flooding with SURF@15kg/m3 & PLY @0.5kg/m3
Sl Incrementa ,

, | BaseCaseoll | Inoremental | Surfactant | Surfactant| Polymer | Polymer | NetCash | Discount | Present | Net resent
Time | Project year .| production | | OilPrice | Revenue | .

poduction | © | oi production . | injected | expences | injected | expences | Flow | Factor | Value Value (NPV)

With §P fromil

(Ve Omd) | w3 | [Smd) | (NOKfSm3)| [NOK) (el | (NOK | (k) | (NOK| | (NK| (NOK] | (N
0 0| LTS | LBAEIS | SONEAOT | LSORAOM | S36EeID | LITEAOR | 230EA0S | SBAER5 | LSEADT | SSE4LL| LODEAD | SS3E4LL | 53R
it Do IREAS | LOSER09 | SOIEA07 | LSSEa0M | SB0RRID | LITEAOB | 230EA05 | SOAE5 | LSEAT | STRESLL| Q26001 | SO5E+LL | L6E+12
015 Do LBEAS | LETEDS | SO0EAT | DO | LOIERID | LITEAOR | 230EA05 | SBAEH5 | LSEAT | LOOESLD| BSTEAL | BEIERLL | ATIRLD
01 3o LBEAS | LGRS | SOIET | D070 | LOARRID | LITEAR | D30EA0S | SBAEHS | LSEAT | L4ESLD| TSEQL | BEERLD | 354D
il § | LBEAS | 18905 | SOEAT | LUERH | LD 0 0 0 0 [107002| T3E00 | T89ELL | 43312
018 5| LBEAS | LSOR9 | SOBET | LG | LD 0 0 0 0 | LIEL| GBIE0 | TH0RsLL | S096+12
01 6 | LSEAS | ISIER09 | ASET | LR | LBRD 0 0 0 D [11E0| SR | TA0IL | G801
] 7| ISTEAS | 1SIE09 | SOSE07 | D30 | LIRD2 0 0 0 D | LIBEL | SEE0L | 8RRl | 645512
n | LBEAS | LSR8 | SOSET | DARDM | L2ED2 0 0 0 0 [120E+12 | SAOR01 | 6S6Ell | TA3ERL2

Table 10: Incremental NPV for SP flooding with SURF@40kg/m3 & PLY @0.2kg/m3
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, , Base Case oil ml, Incremental | e Surfactant | Surfactant| Polymer | Polymer | Net Cash | Discount | Present | Net Present
Time  |Project year .| production | | OilPrice | Revenue | .

production |~ {oil production .| injected |expences | injected |expences | Flow | Factor | Value |Value (NPY)

With P fromail

(Vears [5m3) (5m3) (m3 | (NOK/Sm3) |  (NOK) k) (NOK| | (kg | (NOK) | (NOK) (NOK | [NOK)
003 0 LIRS | LO4ER03 | S.05E407 | LSOEsd | 9.98E+1l | 4386407 | B.6IE:0R | LAGER06 | 34BE+07 | S.57E+11| LOOES00 | 957411 | 9376411
0 ! LOOES | ISUER0S | L3TEWIS | LSOE#d | D67EeLD | BT | BO1ER08 | LAGESD0 | BASERDT | 2OTE+LD| S.26E{L | 248E+LD | 343412
00 l LOEH | LETER03 | S.07ee07 | 0IEs0E | LOZE4IZ 0 GO0E0 | 0 0| L02E+12| 8971 | 874E41D | 431Es12
016 3 LB | L8BER03 | S.OBEe07 | 207Es04 | LOSE+I2 0 Q00400 | 14GE+06 | 3.48E407 | 1L05E+12| 734E01 | B36E+11 | 5.14Es12
a 4 LR | LESER03 | SIIEH07 | ZM4E0E | LOSE4I 0 0 0 0 |L03+12| 735001 | BOZE#LD | 5.54E412
018 3 LB | LS0E+03 | S.07Re07 | L20Es04 | L4412 0 0 0 0 | L1E12| 68101 | 7736411 | 6.72Es12
009 i LGRS | LSIER03 | S.07R07 | L27R0E | LRI 0 0 0 0| LISE12| 630601 | 7.4E411 | 7.44E412
0 1 LOES | 1SIE+03 | 330407 | 233Es04 | L20E+12 0 0 0 0 | L20e12| 58300 | 655E+11 | B.14Es12
m § LOEH0S | 1S3Ea08 | SAEWDT | LAORRM | 124412 0 0 0 0 | 1LME12| SAOEQL | 6676+L1 | BBIERLD

Table 11: SP flooding with SURF@15kg/m3 & PLY @0.5kg/m3 followed W1 and PLY

.| Project | Base Caseall ml, horemental | Iener Alkaline | Alkaline | Surfactant | Surfactant Discount | Present | Net Present
Time .| production | | OilPrice | Revenue | . Net Cash Flow

year | poduction |, |oilproduction .| injected |expences | injected | expences Factor | Value |Value NRY)

with AS fromoil

(Vars (5m3) (5m3) (Sm3] | [NOK/Sm3) |  (NOK) be | (NOK) | [k | NOK) | [NOK| (NOK] | (NoK)
03 0 LIRS | L3RS | AABE7 | LSESM4 | BS0Esll | 4380400 | 3SUEAT | TOEAT | LAAERDS | GASEsIl | LOOEWOO | BA%EsLD | B4%1L
0 1 LOOERDS | LBSEWS | ASERD7 | LOOEDM | BETELl | L3RS | BOIEAT | TOEADT | LAAEWS | BESEeIl | 926EQL | BAEsLD | LOTE#I
2015 ) LOIEAS | LBOEAS | ASEA07 | DOLEAM | SBELl | A3GEA6 | BOIEAT | TOER0T | LAAEWS | 2041l | BSTEQL | TSOEsLD | 246E41D
il ] LEEAS | LBBEWDS | AIER07 | DOVEAE | 9301l | L3RS | BOIEAT | TOR0T | LAAEWS | Tell | 7SMEQL | 7HEsLD | BRI
m | 4 LRERDS | LBSERDS | AGOEA07 | D14EHD4 | 955E411 0 0 0 0| S9EHD | THEAL | 731810 | 355EL2
it ] LOSERS | LS0ERS | 47307 | D20EA04 | L04E412 0 0 0 0| LOEHD | 08IEQL | 7088411 | L66E+12
01 b LBOERDS | DO4ERS | LBOESOR | 227E+D | 408K+ 0 0 0 0| A0BEHD | 630E40 | 237412 | 123412
20 | LOTERS | 1%6EA09 | Q206407 | 23+ | LI5E412 0 0 0 0| L2000 | SBEL | LOEID | BABEHL
0 § LBEAS | 19E!0S | ATTRA0T | DA0EA | LI5E412 0 0 0 0| LIEHD | SA0EQD | 6208411 [ Gi0EEL2

Table 12: Incremental NPV for AS flooding with ALK@1.5kg/m3 & SURF@25kg/m3

68



, Project | Base Casealil ml, Incremental | et Alkaline | Alkaling | Surfactant | Surfactant Discount | Present | Net Present
Time .| production | | OilPrice | Revenue | . Net Cash Flow

year | production | il production .| injected |expences | injected | expences Factor | Value [Value (NPV|

with AS fromoil
(Vears (5m3) (5m3) (m3) | (NOK/Sm3) |  (NOK) lke NOK) | (k) | (NOK) | (NOK) (NOK] | ~ (NOK]
Bk 0 LIEs0S | LE3ER09 | AABES0T | LOORWD4 | BS0R#1l | Ld6E406 | LORSDT | 730R07 | LAE405 | RASE+11 | LOOE400 | BA%E+11 | 849411
plI} 1 LOES0S | LESER0S | ASOES07 | L9ORe0d | BB7EsIl | LAGR406 | LORSDT | 73007 | LAdE403 | RBAEsI1 | 926R01 | B20E+11 | LE7R+12
2015 l LOIES0S | LEOER0S | A50ES07 | Z0IE+04 | G.3E#ID | LAOE406 | LOESD7 | 70R407 | LAAESDS | 920Es11 | BS7EO1 | 750Es11 | 246412
016 ] LEEH0S | LEBER0S | AGDEA0T | DO7R4D4 | G5BE+I1 | LAGR406 | LAORSDT | T0RDT | LAAR403 | Q57R+I1 | 73441 | TAORs11 | A20HDD
a7 4 LB4E+0 LOGEDS | AB6E+07 | 214Es04 | 953EID 0 0 0 0 B95+11 | 735601 | 731E+11 | 35AE+12
018 3 LOES | LS0ER09 | AT3EA0T | Z20E404 | LDAE4L2 0 0 0 0 LOSEsI2 | G8IEQ1 | 7.08E+11 | Af6E+LD
01 i LEH0S | LO9E409 | DME40R | 22740 | SOBE412 0 0 0 0 SOBE+12 | B30R | 320412 | 76412
00 1 LATEA0S | L05E409 | LBIEM0R | 23404 | L13E1D 0 0 0 0 CBE1D | SEE0L | 24TE+12 | LO3EHID
0 i LBBEH0S | L3ER09 | ATBEADT | DA0RS04 | LISEI 0 0 0 0 LI3E+12 | 401 | 6.20F+11 | LA+
Table 13: Incremental NPV for AS flooding with ALK@0.5kg/m3 & SURF@25kg/m3

, i Incrementl , , ,
.| Project | Base Caseoll | Incremental | Alkaline | Alkaline | Surfactant | Surfactant Discount | Present | NetPrasent
Time .| production | | OilPrice | Revenue | N Nt Cash Flow

year | poducion | oilproduction .| injected | expences | injected | expences Factor | Value ~ |Value (NRY)

withAS fromoil

(Vs (5m3) (6m3) (Gm3] | (NOK/Sm3) | ~ (NOK) kel (NOK | (kg | (NOK) | [NOK) NOK) | (NoK)
N3 | 0 | L7SE9 | LEES | AABE07 | LSOESDM | BS0EsDl | TORR06 | OG0T | TEAT | LAAEAS | BASERID | LODEWD | BASE4L | BASKH4IL
D4 |1 | LS | LBES | A7 | 1SR | BATEsLD | TAORRDG | ONEAT | TAEAT | LAAES | BEEAID | Q26E(L | BB | LETH+LD
A5 | 1 | LEEY | LEGES | 4007 | L0IEAM | Sl | TAE6 | OS1EAT | THEAT | LMES | SEMD | BITEQL| TM0EL | L46E+1
M6 | 3 | LB | LG8 | LG0T | 207EAM | GBSl | TORS06 | OSEAT | TEAT | LAABS | SRRl | TMEQL| TH0E1L | A2ED
N7 | 4 LMY | LBE8 | LAER07 | DIOEAE | S5 0 0 0 0| SSE | THEQL | THEHL | 3%
N8 | 5 | LGS | IS0BS | ATRE07 | DB | L04E:L2 0 0 0 0| LOEsL2 | GB1EQL | TOBEHID | A66E+L2
A9 | 6 | LE6ED | TOB8 | LGB | LR | A0BEL2 0 0 0 0| 40812 | 630EAL | 23TEHD | TEL
A0 | 7 | Lo | L%6E08 | S20es07 | 234 | 20512 0 0 0 0| 215D | SEEQL | LDSEHD | BAGEL
M| 8 | LB | IBB08 | LTROT | 240B0 | 115D 0 0 0 0| LDBsLD | SADCDL | 6206410 | Si0ERL2

Table 14: Incremental NPV for AS flooding with ALK@2.5kg/m3 & SURF@25kg/m3
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Table 15: Incremental NPV for ASP with ALK@1.5kg/m3,SURF@15kg/m3 &PLY @0.35
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Table 17: Incremental NPV for ASP with ALK@1.5kg/m3,SURF@15kg/m3 &PLY @0.35
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Table 18: Incremental NPV for ASP flooding for 4 years’ slug AIK1.5

71



T Project Basetasgoil prod[:'ction !ncremental e In;;r!:ﬂzal fdll(a\ine Nlalne S,Jrllactant Surfactant !’ollymer Polymer | NetCash | Discount | Present | Net resent

year | production i ol production o injected |expences | injected | expences | injected | expences | Fow | Factor | Value | Value NPV
(Vears (m3) | [m3 | (m3)  NOKSSm| NOK) | (el | MNOK | (g | (NOK) | [k | INOK | (NOK) NOK] | (NOK)
01 0 | L7909 | LBEW | SODE7 |L90E4D4) G5IG+LL | 43006 | 3S1EADT| A3GE407 | BAIEWB| O 0 OSIEAL | LOOERDO | 9318411 | G5IEHL
M | 0| LRE9 | RSN | AGTRAT LS| O7IRLD | 43666 |3OEAT| AT |RGIER| 0 | 0 | Q7RI | QIGR0D| BRI | 1REND
Jlus o) IRN0S | LETER | ABIE7 |200404) GROEML | D 0 0 0 0 0 Q8901 | BETEOL | BABEeID | 270EHD
W6 | 3 | LB | IR | AR OB W0 0 | 0 | 0 0| 10645 | D4R | 101D | 7901 | BOIEN | 3SOEND
ylugj § ) LB03 | LROER | ABdED7 (204404 1O | D 0 0 0 | 102E)0R | 2440407 | 103ER2 | 735000 | 7ADEID | 426EHDD
01 5o LBE09 | LSOER | ABGEDT (22004 L07MMD | D 0 0 0 0 0 107D | GBIEOL | 727411 | 4.99EH
018 b 1809 | L9IER | 4737|2704 LO07BMD | D 0 0 0 0 0 L0761 | B30E0L | 676811 | SAAEHD
W0 | 7 | LEEA9 | 19309 | ATREADT 2304 LINEHD | 0 0 0 0 0 0 116D | SE3E00 | 630811 | 3IEHD
it} § | LRG0 | L9EW9 | AUBESD7 (240404 11D | 0 0 0 0 0 0 115600 | S40E01 | 621611 | R3EH
Table 19: Incremental NPV for AS for 2 yrs following by 1yr WI and 2yrs PLY

, | hoenentd) | .
o Pojct | Base (el e Icrementy P Nbgine | Ao | Surfatant {Surctt) Polymer | Pomer | NetCash | Discount | Present | Net rsent

Jesr | production p, ol producton | mected emences| incted | epences| ineced | emences | How | Facor | Ve | Vale (N

Wi ASP foma

(e nd | o3 | (3 NOKSm NOK | b ) NOQ | | K | g | (oK | (oK WK | MoK
N3 0 | Lo | L0568 | GSORT |LGORAM| LDSHLD | 43046 | DOIEWT| DD (BSIRR| 0 | 0 | 105D | LO0RNO| D) 1D
N4 |1 | LNE | LSRN | 4SO |LSSEA) STIGGLD | ABEAR | BOIRMT| A3 [BGRWR| 0 | 0 | OJORAL | OUROL | BSRRLD| 1ISEA
N5 | ) | LRGN | LU | 4SBT DO SBGELD | A6 | IAORD| 43007 BGIEMR| 0 | 0 | OBD | BUVRL | B4TRLL| 2SR
NG | 3 | LREE | LRG| AR |D0VE) LDIGRLD | AR |L0R0| 430 [BGIRR| 0 | 0 | LOIBD | TORL|BO0RD| 378D
07| 4 | LNEN | LB | AR LR LBED ) 0 | 0 I 0| 0 | 0 | L0 | 73E0L|T5RL| ASSHLD
NE |5 | LGN | LRG| AR R LRI 0 | D I 0| L0006 | JUET | 106ED | BRIEOL | T2 | STTRD
NG | 6 | LWEE | IS | 4G |LUR LED ) 0 | O I 0| 1006 | J4ET | L0GED | B30EOL | GREAL | SS4EHLD
00| 7 | INES | LGB | ATID DN MBD 0 | O 0 0| 0 | 0 | L0062 | SHEOL| 64T | 65ALD
WL | % | LRGN | LSS | U0 AR BRI 0 | D I 0| 0 | 0 | 150 | SAR0 | 61E1 TR

Table 20: Incremental NPV for AS for 4 yrs following by 1yr Wl and 2yrs PLY

72




E. Eclipse data file for specific ASP case

-- water injection rate of F-1, F-2, and F-3 by 50
-- Ny model July 2004 build by marsp/oddhu
-- New grid with sloping faults based on geomodel xxx

RUNSPEC

~-LICENSES
--'NETWORKS'/
-

DIMENS
46 11222 /

--NOSIM

-- Allow for multregt, etc. Maximum number of regions 20.

GRIDOPTS
'YES'0/

OIL
WATER
GAS

SURFACT

POLYMER

ALKALINE

DISGAS

VAPOIL

METRIC

-- use either hysteresis or not hysteresis
NOHYST

--HYST

START
06 'NOV' 1997/

EQLDIMS
5 100 20/

EQLOPTS
‘THPRES' / no fine equilibration if swatinit is being used

REGDIMS
-- ntfip nmfipr nrfreg ntfreg
22 3 1* 20 [/

TRACERS
-- oil water gas env
1* 10 1* 1* /

WELLDIMS
--ML 40 36 15 15/
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130 36 20 84/

LGR

--MAXLGR MAXCLS MCOARS
0 0 848/

--WSEGDIMS

-3 30 3/

-mILGR

-- maxlgr maxcls mcoars mamalg mxlalg Istack interp
- 42000 0 1 4 20 'INTERP' /

TABDIMS
--ntsfun ntpvt nssfun nppvt ntfip nrpvt ntendp
107 2 33 60 16 60/

--WI_VFP_TABLES_080905.INC = 10-20

VFPIDIMS
30 20 20/

-- Table no.

-- DevNew.VFP =1

-- E1h.VFP =2

-- AlmostVertNew.VFP = 3

-- GasProd.VFP =4

-- NEW_D2_GAS 0.00003.VFP =5
-- GAS_PD2.VFP =6

-- pd2.VFP = 8 (flowline south)
-- pe2.VFP =9 (flowline north)
-- PB1.PIPE.Ecl =31

-- PB2.PIPE.Ecl =32

-- PD1.PIPE.Ecl =33

-- PD2.PIPE.Ecl =34

-- PE1.PIPE.Ecl =35

-- PE2.PIPE.Ecl =36

-- B1BH.Ecl = 37
-- B2H.Ecl =38
--B3H.Ecl =39
-- B4DH. Ecl= 40
--D1CH.Ecl =41
-- D2H.Ecl =42
-- D3BH.Ecl = 43
-- E1H.Ecl =45
-- E3CH.Ecl = 47
-- K3H.Ecl =48
VFPPDIMS

19 10 10 10 0 50/
FAULTDIM
10000 /
PIMTDIMS
151/

NSTACK

30/



UNIFIN
UNIFOUT

--RPTRUNSPEC

OPTIONS
77%11

Input of grid geometry

GRID
NEWTRAN

GRIDFILE
2/

-- optional for postprocessing of GRID
MAPAXES
0. 100. 0. 0. 100. 0. /

GRIDUNIT
METRES /

-- do not output GRID geometry file
--NOGGF

-- requests output of INIT file

INIT

MESSAGES
8*10000 20000 10000 1000 1*/

PINCH
0.001 GAP 1* TOPBOT TOP/

NOECHO
COARSEN

-1112J1J2 K1 K2 NX NY NZ --
69 439213111/

1012
1318
1919
2025
26 30
3141
3138
3134
3841
3133
3132
3536
3939
3537
36 37
3334

45
48
58
49
50
65
61
56
92
54
53
59
63

9%13111/
10013111/

30 34
3037
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3941
1919

102 10223111/
48 57 13111/

69 4392510111/

1012
1318
1919
2025
26 30
3141
3138
3134
3841
3133
3132
3536
3939
3537
36 37
3334
3034
3037
3941
1919

459 510111/
48 100 510111/
58 90 5
49 70
50 90
65 91
61 64
56 60
92 100
54 55
53 53
59 60
63 64

102 1025
48 57 510

69 43921118111/

1012
1318
1919
2025
26 30
3141
3138
3134
3841
3133
3132
3536
3939
3537
36 37
3334
30 34
30 37
3941
1919

4596 1118111/
48 100 11 18111/
58 90 11 18
49 70 11 18
50 90 11 20
65 91 11 19
61 64 11 19
56 60 11 19
92 10011 19
54 55 11
53 53 11
59 60 11 19
63 64 11 19
93 98 11 19
99 99 11 19
94 96 11 19
93 93 11 19
92 92 11 19
102 102 11 1
48 57 1120111/

© L P PP RPRE

69 43921922111/

1012
1318
1919
2025
26 30
3141
3138
3134
3841
3133

4596 1922111/

48 100 19 22111/
58 90 19 22
49 70 19 22
50 90 21 22
65 91 22 22
61 64 21 22
56 60 21 22
92 100 22 22111/
54 552122111/

e
e
A
e
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3132 53 53 2122
3536 59 60 21 22
3939 63 64 21 22
3537 93 98 22 22
22
22

/
/
/

3637 99 99 22
3334 94 96 22
3034 93 93 22 22
3037 92 92 22 22
3941 102 102 22 2
1919 48 57 2122111/

11
11
11
11/
11/
11/
1117/
111/

2111/

-- Grid and faults

-- Simulation grid, with slooping faults:

-- file in UTM coordinate system, for importing to ------------- DecisionSpace
INCLUDE

"/INCLUDE/GRID/IRAP_1005.GRDECL'/

-- 'project/norne6/res/INCLUDE/GRID/IRAP_0704.GRDECL'/

INCLUDE
"/INCLUDE/GRID/ACTNUM_0704.prop' /

-- Faults

INCLUDE
"/INCLUDE/FAULT/FAULT_JUN_05.INC'/

-- Alteration of transmiscibility by use of the ' MULTFLT" ------- keyword

INCLUDE
"JINCLUDE/FAULT/FAULTMULT_AUG-2006.INC"/
-- 'Iproject/norne6/res/INCLUDE/FAULT/FAULTMULT _JUN_05.INC'/

-- Additional faults

--Nord for C-3 (forlengelse av C_10)
EQUALS
MULTY 0.01 6 62222 122 /
/
-- B-3 water
EQUALS
'MULTX' 0.001 9113939 122/
'MULTY' 0.001 9113939 122/

7



'MULTX' 0.001 9 93739 122/
'MULTY' 0.001 9 93739 122/

/

- C-1H

EQUALS

'MULTY' 0.001 26293939 122/

-- Input of grid parametres

INCLUDE
' INCLUDE/PETRO/PORO_0704.prop' /

INCLUDE
' INCLUDE/PETRO/NTG_0704.prop' /

INCLUDE
"/INCLUDE/PETRO/PERM_0704.prop' /

-- G segment north
EQUALS

PERMX 220 32 32 94 94 2 2/
PERMX 220 33 33 9599 2 2/
PERMX 220 34 34 95 97 2 2/
PERMX 220 35 35 95 98 2 2/
PERMX 220 36 36 95 99 2 2/
PERMX 220 37 37 95 99 2 2/

PERMX 220 38 38 95100 2 2/
PERMX 220 39 39 95102 2 2/
PERMX 220 40 40 95102 2 2/
PERMX 220 41 41 95102 2 2/
/

--C-1H

MULTIPLY

PERMX 4 21 29 39 49 16 18/
PERMX 100 21 29 39 49 19 20/
/

COPY
PERMX PERMY /
PERMX PERMZ /
/

-- Permz reduction is based on input from PSK
-- based on same kv/kh factor

*kkk*k *k* *k* *k* *k* *k* *k*

-- CHECK! (esp. lle & Tofte)
o Thkhkkkkhkkhkkhkkhkkhkhkkhkkhkhkhkkhkkhkhkhkhkkikkkkhkhkhkkkhkhkhkkhkhkikkhkkhhkkkkik
MULTIPLY
'PERMZ'0.2 146111211/ Garn3
'PERMZ'0.04 1461112 2 2/ Garn2
'PERMZ'0.25 1461112 3 3/ Garnl
'PERMZ'0.0 1461112 4 4/ Not (inactive anyway)
'PERMZ'0.13 146111255/ 1lle2.2
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'PERMZ'0.13 1461112 6 6/ 1le2.1.3
'PERMZ'0.13 1461112 7 7/ lle2.1.2
'PERMZ'0.13 1461112 8 8/ lle2.1.1
'PERMZ'0.09 1461112 9 9/ llel3
'PERMZ'0.07 14611121010/ Ilel.2
'PERMZ'0.19 14611121111/ Illel1l
'PERMZ'0.13 14611121212/ Tofte2.2

'PERMZ'0.64 14611121313/ Tofte 2.1.3
'PERMZ'0.64 14611121414/ Tofte 2.1.2
'PERMZ'0.64 14611121515/ Tofte 2.1.1
'PERMZ'0.64 14611121616/ Tofte 1.2.2
'PERMZ'0.64 14611121717/ Tofte 1.2.1
'PERMZ'0.016 14611121818/ Tofte 1.1
'PERMZ'0.004 14611121919/ Tilje 4
'PERMZ'0.004 14611122020/ Tilje 3
'PERMZ'1.0 14611122121/ Tilje 2
'PERMZ'1.0 14611122222/ Tilje 1

/

--  Barriers

-- MULTZ multiplies the transmissibility between blocks
- (1, J, K) and (I, J, K+1), thus the barriers are at the
-- bottom of the given layer.

-- Region barriers

INCLUDE
"/INCLUDE/PETRO/MULTZ_HM_1.INC"/

-- Field-wide barriers

EQUALS

'MULTZ' 10 1461112 1 1/Gamn3 -Garn2
'MULTZ' 0.05 1 46 1112 15 15 /Tofte2.1.1 - Tofte 1.2.2
'MULTZ' 0.001 1 46 1112 18 18 /Toftel.1 -Tilje4
'MULTZ' 0.00001 1 46 1112 20 20 /Tilje3 -Tilje2

-- The Top Tilje 2 barrier is included as MULTREGT = 0.0

/

-- Local barriers

INCLUDE
"J/INCLUDE/PETRO/MULTZ_JUN_05_MOD.INC'/

-- 20 flux regions generated by the script Xfluxnum

INCLUDE

"/INCLUDE/PETRO/FLUXNUM_0704.prop'/

-- modify transmissibilites between fluxnum using MULTREGT

INCLUDE
"/INCLUDE/PETRO/MULTREGT_D_27.prop'/
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NOECHO

MINPV
500/

EQUALS
'MULTZ' 0.00125 26 29 30 37 10 10 / better WCT match for B-2H
'MULTZ' 0.015 19 29 11 30 8 8 / better WCT match for D-1CH

'MULTZ' 1 6 12 16 22 8 11 /for better WCT match for K-3H
'MULTZ' .1 6 12 16 22 1515 /for better WCT match for K-3H
/

EDIT

-- modification related to HM of G-segment aug-2006
MULTIPLY

TRANX'0.130467211222/

"TRANX' 0.130467211233/
"TRANY'530467211222/

'TRANY' 103046 7211233/
"TRANX'10292967 7013/

"TRANY'10304167 6713/

"TRANX'0.05343476 9513/
"TRANY'0.001 30 41 67 67 1 3/ Open against the main field

‘TRANY' 0.5 303090931 3/ Increase TRANY against the well
‘TRANY' 0.5 31 3294 94 1 3/ Increase TRANY against the well

‘TRANY'0.53131879313/

‘TRANY'0.53030858911/
TRANY'23030728213/
TRANY'0.83030829313/

TRANX' 10 34 3492 95 1 3/ Increase TRANX trough the fault against the well
"TRANX'03434909113/

‘TRANX'2 3438888913/

--TRANX'23536939513/
TRANX'0.13536909113/
TRANX'10353895981 3/

TRANX'5 31319192 13/ Increase TRANX against the well

TRANX'23133929513/

‘TRANY'23031798633/
‘TRANY'33030868622/

TRANY'0.73441728013/
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‘TRANX'23131879413/

‘TRANY'0.0004 3741717113/
"TRANY'23031879323/
"TRANX'53434889013/

TRANY'1.53335949623/

"TRANX'2 304168 70 13/ Increase trans around F-4H

/

EQUALS
"TRANY' 20 31 318585 1 3/ SET TRANY ulik 0 trougth the fault
"TRANY' 303030939322/
"TRANY'303232848413/
"TRANY' 30 30 3093933 3/

TRANY'303132959523/
TRANY'303132949411/
‘TRANY'203333969623/
‘TRANY'203434979723/

"TRANX'0 33 3371811 3/ set the fault tight
"TRANX'03434768513/

"TRANY' 0333371811 3/Set the fault tigt
"TRANY'03434768513/

‘TRANY'03336717113/
TRANX'03441717113/

‘TRANY'0 333371721 3/Decrease TRANY trougth the fault

‘TRANX'034 34 73 75 1 3/ Set the fault tight
‘TRANY'03434717513/

/

PROPS

-~ Input of fluid properties and relative permeability

NOECHO
-- Input of PVT data for the model
-- Total 2 PVT regions (region 1 C,D,E segment, region 2 Gsegment)

INCLUDE
"/INCLUDE/PVT/PVT-WET-GAS.DATA'/

INCLUDE
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"/INCLUDE/ASP.inc'/

TRACER

'SEA" 'WAT' /
'HTO' 'WAT' /
'S36' 'WAT' /
2FB' 'WAT' /
'4FB' 'WAT' /
'DFB' 'WAT" /
TFB' 'WAT" /

-- initialization and relperm curves: see report blabla

-- rel. perm and cap. pressure tables --

INCLUDE
'/INCLUDE/RELPERM/HY ST/swof_mod4Gseg_aug-2006.inc' /
-- '[project/norne6/res/INCLUDE/RELPERM/HY ST/swof.inc' /

--Sgc=10 0.0000000r g-segment

INCLUDE
"/INCLUDE/RELPERM/HY ST/sgof sgc10_mod4Gseg_aug-2006.inc' /
-- 'Iproject/norne6/res/INCLUDE/RELPERM/HY ST/sgof _sgc10.inc'/

--INCLUDE
-- "/INCLUDE/RELPERM/HY ST/waghystr_mod4Gseg_aug-2006.inc' /
-- 'Iproject/norne6/res/INCLUDE/RELPERM/HY ST/waghystr.inc' /

--RPTPROPS
~-1115%00/

REGIONS

INCLUDE
"/INCLUDE/PETRO/FIPNUM_0704.prop"/

INCLUDE
"/INCLUDE/PETRO/SATNUM_0704.prop' /

EQUALS
'SATNUM' 102 3041 76112 11/
'SATNUM' 103 3041 76112 22/
'SATNUM' 104 3041 76112 33/
/

MISCNUM
113344*1/
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INCLUDE
"/INCLUDE/PETRO/IMBNUM_0704.prop' /

EQUALS

'SATNUM' 102 3041 76112 11/
'SATNUM' 103 3041 76112 22/
'SATNUM' 104 3041 76112 33/
/

INCLUDE
"/INCLUDE/PETRO/PVTNUM_0704.prop' /

EQUALS
PVTNUM' 1 146 1112 122 /
/

INCLUDE
' /INCLUDE/PETRO/EQLNUM_0704.prop' /

-- extra regions for geological formations and numerical layers
INCLUDE
"/INCLUDE/PETRO/EXTRA_REG.inc'/

SOLUTION

RPTRST
BASIC=6/

RPTSOL
FIP=3/

-- equilibrium data: do not include this file in case of RESTART

INCLUDE
"/INCLUDE/PETRO/E3.prop' /

-- restart date: only used in case of a RESTART, remember to use SKIPREST
--RESTART
--'BASE_30-NOV-2005'360 / AT TIME 3282.0 DAYS (1-NOV-2006)

THPRES
120.588031/
210.588031/
130.787619 /
310.787619 /
147.00083 /
417.00083 /

/

-- initialise injected tracers to zero
TVDPFSEA

1000 0.0

5000 0.0/

TVDPFHTO

1000 0.0

5000 0.0/
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TVDPFS36
1000 0.0
5000 0.0/
TVDPF2FB
1000 0.0
5000 0.0/
TVDPF4FB
1000 0.0
5000 0.0/
TVDPFDFB
1000 0.0
5000 0.0/
TVDPFTFB
1000 0.0
5000 0.0/

SUMMARY
RUNSUM
SEPARATE
EXCEL

INCLUDE
"/INCLUDE/SUMMARY /summary.data’ /

INCLUDE
'/INCLUDE/SUMMARY /extra.inc' /

INCLUDE

'/INCLUDE/SUMMARY /tracer.data’ /
INCLUDE
"/INCLUDE/SUMMARY /gas.inc' /

INCLUDE
"/INCLUDE/SUMMARY /wpave.inc'/

SCHEDULE

-- use SKIPREST in case of RESTART
--SKIPREST

-- No increase in the solution gas-oil ratio?!

DRSDT
0/

-- Use of WRFT in order to report well perssure data after first

-- opening of the well. The wells are perforated in the entire reservoir

-- produce with a small rate and are squeesed after 1 day. This pressure

-- data can sen be copmared with the MDT pressure points collected in the
-- well.
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NOECHO

INCLUDE
"/INCLUDE/VFP/DevNew.VFP' /

INCLUDE
"/INCLUDE/VFP/EL1h.VFP'/

INCLUDE
"/INCLUDE/VFP/NEW_D2_GAS_0.00003.VFP"/

INCLUDE
"/INCLUDE/VFP/GAS_PD2.VVFP'/

INCLUDE
'/INCLUDE/VFP/AlmostVertNew.VFP' /

INCLUDE

"/INCLUDE/VFP/GasProd.VFP' /

-- 01.01.07 new VFP curves for producing wells, matched with the latest well tests in Prosper. Imarr
INCLUDE

"/INCLUDE/VFP/B1BH.Ecl'/

INCLUDE
"/INCLUDE/VFP/B2H.Ecl' /

INCLUDE
"/INCLUDE/VFP/B3H.Ecl'/

INCLUDE
"/INCLUDE/VFP/B4DH.Ecl' /

INCLUDE
"/INCLUDE/VFP/D1CH.Ecl'/

INCLUDE
"/INCLUDE/VFP/D2H.Ecl' /

INCLUDE
"/INCLUDE/VFP/D3BH.Ecl' /

INCLUDE
"/INCLUDE/VFP/E1H.Ecl'/

INCLUDE
"/INCLUDE/VFP/E3CH.EcI'/

INCLUDE
'"/INCLUDE/VFP/K3H.Ecl'/
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-- 16.5.02 new VVFP curves for southgoing PD1,PD2,PB1,PB2 flowlines -> pd2.VFP

INCLUDE
"/INCLUDE/VFP/pd2.VFP"/

-- 16.5.02 new VVFP curves for northgoing PE1,PE2 flowlines -> pe2.VFP
INCLUDE

"/INCLUDE/VFP/pe2.VFP'/

-- 24.11.06 new matched VLP curves for PB1 valid from 01.07.06

INCLUDE
"/INCLUDE/VFP/PB1.PIPE.Ecl'/

--24.11.06 new matched VLP curves for PB2 valid from 01.07.06

INCLUDE
"/INCLUDE/VFP/PB2.PIPE.Ecl'/

--24.11.06 new matched VLP curves for PD1 valid from 01.07.06

INCLUDE
"/INCLUDE/VFP/PD1.PIPE.Ecl'/

--24.11.06 new matched VLP curves for PD2 valid from 01.07.06

INCLUDE
"/INCLUDE/VFP/PD2.PIPE.Ecl'/

--24.11.06 new matched VLP curves for PE1 valid from 01.07.06

INCLUDE
"/INCLUDE/VFP/PEL.PIPE.Ecl'/

--24.11.06 new matched VLP curves for PE2 valid from 01.07.06

INCLUDE
"/INCLUDE/VFP/PE2.PIPE.Ecl'/

--=======|NJECTION FLOWLINES 08.09.2005 ========--

-- VFPINJ nr. 10 Water injection flowline WIC

INCLUDE
"/INCLUDE/VFP/WIC.PIPE.Ecl'/

-- VFPINJ nr. 11 Water injection flowline WIF

INCLUDE
"/INCLUDE/VFP/WIF.PIPE.Ecl'/

--======= |INJECTION Wells 08.09.2005  ========--




-- VFPINJ nr. 12 Water injection wellbore Norne C-1H

INCLUDE
"/INCLUDE/VFP/C1H.Ecl'/

-- VFPINJ nr. 13 Water injection wellbore Norne C-2H

INCLUDE
"/INCLUDE/VFP/C2H.Ecl'/

-- VFPINJ nr. 14 Water injection wellbore Norne C-3H

INCLUDE
"/INCLUDE/VFP/C3H.Ecl'/

-- VFPINJ nr. 15 Water injection wellbore Norne C-4H

INCLUDE
"/INCLUDE/VFP/C4H.Ecl' /

-- VFPINJ nr. 16 Water injection wellbore Norne C-4AH

INCLUDE
"/INCLUDE/VFP/C4AH.Ecl'/

-- VFPINJ nr. 17 Water injection wellbore Norne F-1H

INCLUDE
"/INCLUDE/VFP/F1H.Ecl'/

-- VFPINJ nr. 18 Water injection wellbore Norne F-2H

INCLUDE
"/INCLUDE/VFP/F2H.Ecl'/

-- VFPINJ nr. 19 Water injection wellbore Norne F-3 H

INCLUDE
"/INCLUDE/VFP/F3H.Ecl'/

-- VFPINJ nr. 20 Water injection wellbore Norne F-4H

INCLUDE
"/INCLUDE/VFP/F4H.Ecl'/

TUNING

110 0.1 0.15 3 0.3 0.3 1.20 /
5% 0.1 0.0001 0.02 0.02 /
-2%401*15/

/

-- only possible for ECL 2006.2+ version
ZIPPY?2

'SIM=4.2' 'MINSTEP=1E-6'/

/

--WSEGITER
~
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-- PI reduction in case of water cut

INCLUDE
"/INCLUDE/PI/pimultab_low-high_aug-2006.inc" /

-- History and prediction --
INCLUDE
"/INCLUDE/ASP4YRS.SCHEDULE'/

END
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