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PREFACE

As early as 2000 NTNU and Statoil agreed on establishing an Experts in Team village at
NTNU, where student groups are challenged to find new solutions to current problems
related to the production in the Gullfaks Field.

In Gullfaks Village 2010, student groups are challenged to develop innovative
recommendations that could increase the oil recovery by 10 % from Gullfaks Sgr segment
which is part of Gullfaks Satellite fields. It contains large oil volumes in both the Brent
Group and the Statfjord Formation (Fm.). The Gullfaks Village 2010 shall focus on the
Statfjord Formation.

This is the technical report presenting the results trying to enhance the oil recovery at
Gullfaks S@r using different technologies for injection. Gas-, water- and WAG injection
have all too some extent been tried out. Our biggest challenges have been to get to know
the software and theory to be used, since none of us are reservoir engineers by heart.
There have been a lot of work, but we have had fun doing it!

We would like to thank our supervisor at Statoil, Eli Gule, Jan Ivar Jensen and Jon Kleppe
for giving us valuable feedback during the process. We would also like to thank Espen
Rarvik, Ola T. Miljeteig, Christian Crescente and Bashir Hasanov for helping us out when
our reservoir engineering skills was not sufficient.

Trondheim

May 2010
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1 SUMMARY
The project is divided into two parts, Part A and Part B. In part A the main purpose was to
demonstrate and understand the challenges related to Improved Qil Recovery (IOR) from a
subsea development like Gullfaks Sgr. The technology used in this part was gas injection. In
addition an economical evaluation was made to evaluate the feasibility of this project.

In Part B the task was to improve the oil recovery at Gullfaks Sgr with Water injection (WI)
and Water alternating gas (WAG) by placing new injectors and producers. There have been
done many cases with different well configuration and injection rates, trying to get the best
possible result. These simulations were based on trial and error and the main objectives
were to increase the oil production and to maintain a sustainable pressure in the reservoir.

The results from the WI simulations did show increased oil production compared to the
Reference Case, but compared to the Extended Case (gas injection case, Part A) it is quite
similar. The results from the WAG simulations show an increment in production of 10%
compared with the best WI case. Based on these results from the production point of view,
it is recommendable to implement WAG because it gives higher oil production, lower water
cut and keeps the reservoir pressurized longer. Further economical analysis is required to
take the decision for implementation.
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2 INTRODUCTION

The oil production on the Norwegian continental shelf and on the Gullfaks oil field is declining.
Therefore there has been an increased focus on improved oil recovery (IOR). This project aims to find
out whether water injection and/or water alternating gas injection as a technique for IOR is
preferable for Statoil, when they are planning to expand with new wells on the Gullfaks Sgr reservoir.

The project is divided into two parts; Part A and Part B. And the following chapters will introduce the
parts separately.

In Part A each group worked with identical projects in order to get familiar and acquaint with the
Gullfaks Sgr segment. The main purpose is to demonstrate and understand the challenges related to
Improved Oil Recovery (IOR) from a subsea development like Gullfaks Sgr. The technology used in
this part is gas injection.

In Part B each group has been given different assignments to solve. For this group the task has been
to improve the oil recovery at Gullfaks Sgr with Water injection and Water alternating gas (WAG) by
placing new injectors and producers.

The biggest challenge met in this part of the assignment was on how the new injectors and producers
should be placed in the field, and also getting to know the software to be used. There have been
done many cases with different well configuration and injection rates, trying to get the best possible
result.

The report contains an introduction to Gullfaks and Gullfaks Sgr, followed by the results and

discussions regarding task A and task B. In the end there is written a conclusion to summarize the
task.

Technical Report Experts in Teamwork 8



3 GENERAL DESCRIPTION OF GULLFAKS AREA

The following chapter contains a general description of the Gullfaks area.

3.1 Field Condition
Gullfaks is located in the Tampen area in the northern part of the North Sea. It was discovered in
1978 and the main field was put in production in 1986, with subsea wells producing to the GF-A
platform, the first of three gravity base concrete platforms. Water depth is between 130 and 180 m.
The GF-B and GF-C platforms were installed and started production in 1988 and 1990 respectively.
GF-A and GF-C have integrated production and drilling, as well as water and gas injection facilities.
GF-B has 1% stage separation only, with further fluid processing on GF-A and GF-C, and is without gas
injection facilities. Following a three-stage separation process, the field gas production is exported by
subsea pipeline to shore, where NGLs are removed, while the produced oil is stored offshore and
exported by tankers, see Figure 1.
The field comprise of two main parts: the Gullfaks field (Gullfaks/GF) and the Gullfaks satellites
(Gullfaks SAT/GF SAT). Gullfaks SAT consist of Gullfaks Sgr, Rimfaks, Gullveig, Skinfaks and Gulltopp.
Reservoir quality is generally very high, with permeability ranging from tens of mD to several Darcys
depending on layer and location.

The Gullfaks main field is now on decline, and production is reduced by a third from the peak year
1994, when oil production exceeded 30 MSm?®. Recoverable oil reserves are currently estimated at
360 MSm?, of which approximately 330 MSm? have been produced by the end of 2006. The
uppermost Brent sequence contains roughly 80% of the reserves, with the deeper Cook and Statfjord
formations contributing the remaining. The Gullfaks satellite production varies from field to field, but
as a whole they are still at plateau producing 4 MSm? of oil and 4 GSm® of gas per year. Recoverable
oil reserves are currently estimated at 50 MSm?, of which approximately 27 MSm? have been
produced by the end of 2006. In addition gas volumes of 17 GSm?® have been produced to date.

The Gullfaks main field has been produced with pressure maintenance, mostly through water
injection, but natural water influx has also contributed. Gas injection has been employed in the past
to drain attic oil, but also to avoid reducing oil production during periods of restricted gas export. Gas
flaring as a production control mechanism was eliminated in 1998. WAG injection is also being
employed in parts of the field to improve vertical sweep. Large differences in reservoir quality
between adjacent layers have in some parts of the field resulted in water override and inefficient
vertical sweep. The dense fault pattern has necessitated close well spacing in some areas, which
again; often combined with good internal reservoir quality, has resulted in rapid water and gas
breakthrough in producers. A few wells are currently shut in due to high H,S levels. Gullfaks satellite
fields have been produced with pressure maintenance by gas for Rimfaks and to some extent
Gullfaks Sgr. Gullveig, Gulltopp and Skinfaks have water influx and are produced with natural
depletion while Gimle will have water injection.
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4 GENERAL DESCRIPTION OF GULLFAKS S@R [1], [2], [10]

The scope of this work, both in Part A and B, has been Gullfaks sgr, Statfjord formation. In the
following section there will be a closer introduction of the field and the formation worked on.

4.1 Geological History of the North Sea
The North-sea is a failed rift basin, which has been created through two rifting periods. It consists of
several structural elements, see Figure 2. The group has chosen to focus on the creation of the Viking
graben in the Northern-north-sea, which is where the Gullfaks segr field is located. The first rifting
period took place in late-Permian - early Triassic when Pangea started to split up due to change from
compression to extension. This provided us with tilted fault blocks in the Viking graben in a mainly
North- South direction. This first period of rifting was followed by thermal subsidence of the basin. In
the Middle-Jurassic the second rift period started, and listric faults were created in addition to
reactivating of the old main faults. The early rifting was quite uniform and became more asymmetric
in the later stages. The rifting direction went from being N-S oriented to have a more N@-SW
orientation, this caused already existing fault blocks to split up in smaller segments, and the
rhomboid shaped fault blocks were created. The rotation of the fault blocks is towards the basin
centre. When the rifting ended in Late-Jurassic- Early Cretaceous the lithosphere started cooling and
the basin subsided because of this and deposition of the overlying sediments.

Figure 2 Structural elements of the North sea

4.2 Structural Geology of Gullfaks sgr
The Gullfaks area is located on the western flank of the Viking graben, and the area is dominated by
structures created in the latest rift period. The Gullfaks sgr field is the deepest structural element of
the Gullfaks satellites, and is a separate west rotated fault block. The field can be subdivided into
three structural segments: the domino area, the transition area and the horst area, where the
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domino area makes up the west- and central parts of Gullfaks sgr. This area consists of repeating east
tilted fault blocks with layers tilting in a western direction. See Figure 3.

E]

D E

r

Figure 3 Gullfaks sgr structure

Hydrocarbon system in Gullfaks Sgr is shown in Table 1

Table 1 Hydrocarbon system in Gullfaks Sgr

Reservoir Gullfaks Sgr

Brent Group 0il with gas cap

Cook Formation Hydrocarbons (Segment 23C)
Statfjord Formation 0il with gas cap

Lunde Formation 0il with gas cap

4.3 Reservoir Description of the Statfjord Formation
The lower part of the Statfjord formation was deposited on alluvial planes and in braided stream,
while the upper part is deposited in a marine environment. This implies a transgression during the
depositional period.

Statfjord is subdivided into three members: Raude, Eiriksson(1 and 2) and Nansen. The following
section is focusing on each of the members and describing the rock and its reservoir quality.

Raude and Eiriksson 2:

Consists of alternating sand- and clay beddings with varying thickness and reservoir quality.

Nansen and Eiriksson 1:
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Consists of massive, relative homogeneous high permeable (0.5-2D) sandstones inter bedded with
shale and coal. Average thickness of the sand layers is approximately 5m, while average thickness of
the shale is 2,5m.

The upper Statfjord (Nansen and Eirikson1) has an overall thickness in Gullfaks sgr of 70-80m.
The lower Statfjord (Eiriksson2 and Raude) has an overall thickness in Gullfaks sgr of 160-175m.

It is known from the production data that the pressure in the field has dropped quite rapidly,
meaning there is poor communication between each segment. There has been found deformation
band in connection with the faults, these minor faults has steps only on mm- cm scale, but that is
enough to decrease the permeability and thereby the communication across faults.

4.4 Reservoir Quality
The quality of the sands is quite good, with permeability as follows:

* Good sands: 500-5000 mD

e Middle good sands: 100 — 500 mD
* Poor sands: 1-100 mD

* Net/gross 0.5 in the reservoir

The challenge is the connectivity internally between the sand bodies. The success of the pressure
support depends upon the communication between the injected sand and the producing sand.
Figure 4 shows a composite type log indicating the quality and variability of the various reservoirs.

4.5 Gullfaks Sgr Statfjord - History
The in-place volumes in Gullfaks Sgr are 40.6 MSm? of oil/condensate and 18.9 GSm?® of gas. The
field has produced 3.3 MSm? of oil/condensate to date - significantly less than the 12 MSm?
anticipated in the Plan for field Development and Operation (PDO) from 1995. Gas production to
date is 2.0 GSm® of which 0.2 GSm® has been re-injected. The field has been shut in since
September 2008 due to low reservoir pressure. Gullfaks Sgr Statfjord Fm. is shown on Figure 1
and it is produced by the E, F and G subsea templates tied back to the Gullfaks A platform.

Below is the history of Gullfaks S@r Statfjord:

e The Plan for Development and Operation (PDO) in Gullfaks Sgr Statfjord was delivered in 1995.
The field was planned to be produced by 7 wells with rates up to 2000 Sm?/d and one injector,
none of which were branch wells.

e In 1998, a new geological model came, and suggested a volume of 16.5 MSm? in reserves.

e In 1999, G-2 HT3 and F-4 T3H in production but it produce far less than expected (reserves
downsized to ca. 5 MSm?).

e Inaccordance to new/updated expectations, in 2001, G-3 T2H starts to produce oil.

e In 2002, Increase Qil Recovery (IOR) Project was started with recommendations that primary and
secondary technology needed to increase oil recovery in Gullfaks Sgr Statfjord is zone control
(DIACS) and MLT with branch control respectively.

e Additional perforations of G-2 HT3 (03.-08.09.03) and F-4 H (21.-24.10.03) in lower Statfjord

e Drill new well G-1 H with DIACS (2003)
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e Drill new well G-2 YH MLT with DIACS (2004)
e Drill new well F-2 YH MLT with DIACS (2004)
e Drill new well G-3YH, MLT with DIACS (2005)
e Drill new well E-1YH, gas injector (MLT) (2006).
E-1 injecting for 8 months until a packer problem occured and injectivity lost.
e Field shutin (Oct 2008) to increase pressure and drill ability for remaining wells

Technical Report Experts in Teamwork

14



STATFJORDFORMASJONEN

Gullfaks Sor

Typebrenn 34/10-30
STRATIGRAFI LITOLOGI m PERMEABILITET BESKRIVELSE
0er| FM | LD [SONE
cﬁ: MARINSKIFER
0
Z
2
Z
e — | _ _ MARGINAL MARGIN_ _ |
é Na-1B
z FLUVIAL (HUMID - SEMI ARID)
( —
Z |Na-1A| — —
FORGRENET ELVESYSTEM
Ei-2B H@Y SEDIMENTTILF@RSEL
GOD KONTINUITET
5 Ei-2A
N - GODE EGENSKAPER
0]
nolx
rloe| *SKIFT | Sm/Nd ALDER
O|w |E-B
E 100
<| &
ﬂ:i 0 SVAERT GODT
8 EifA RESERVOAR
al || | e = |______________|
E
(SEMI ARID)
H FORGRENET ELVESYSTEM
2
<
i M MODERAT KONTINUITET
MODERATE EGENSKAPER
200
Ra-18 MIDDELS GODT
RESERVOAR
Ra-1A
250 ALLUVIAL SLETTE (ARID)
W LAV SEDIMENT TILF@RSEL
Q o MOD./DARLIG KONTINUITET
E Z
=13 DARLIG RESERVOAR

—T T T T T
KGLSG G M F SF SILER

KORNST@RRELSE

I1 10 1E|U 1;JDEI 10000
MILLIDARCY

Figure 4 Composite log display of the Gullfaks Sgr Reservoir
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5 RESERVOIR SIMULATION - PART A

An Eclipse reservoir simulation model is provided by Statoil and each student group should run the

model and plot and review the result. The simulations are conducted for Reference Case and

Extended Case. Below are general information related to both cases.

5.1 Reference Case

The simulation for Reference Case (base case) is started from 1998 until 2025 with 8
number of existing single wells i.e.: E-1 Y3H, F-2 ML, F-4 AT3H, G-1 H, G-2 ML, G-2 T3H, G-3
T2H, G-3 Y3HT4

In addition to existing wells,

— future wells G-4H and F-1 are included
— future injectors E-2BH and E-3H are included
5 Wells producing from 2010:
— F-2_ML, F-4AT3H, G-2_ML, G-4H and F-1
Gas injection stopped on 1 October 2015
G-4H and F-1 start oil rate lowered to 600 Sm3/d
G-4H shut in after having produced 1.5 MSm3 oil in October 2017
Blow down start from 2015 and the production is planned untill January 2025

The simulation is conducted for 3 formations in Statjford which are NANSEN-1B, NANSEN-
1A, EIRIKSSON-2B, EIRIKSSON-2A, EIRIKSSON-1B, EIRIKSSON-1A, RAUDE -2B, RAUDE -2A,
RAUDE -1B, RAUDE -1A.

5.2 Extended Case

The simulation for Extended Case is started from 1999 until 2030
Reference Case is used as basis (starting-point)
In addition to existing wells, 6 new wells will be installed in 2015:
— Installation of branched oil producers W2W3, W4WS5, WeW7
— Installation of single oil producer W1
— Installation of injectors on existing E-template (GI-2, GI-4)
Blow down start from 2025 and the production is planned until 1 January 2030

The position of the wells in the Extended Case simulation is shown on Figure 5.
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Figure 5 Position of the wells in the Extended Case simulation
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6 SIMULATION RESULTS - PART A

The following chapter contains the results from the simulation of the Extended Case.

6.1 History matching in base case
This subchapter contains a comparison between the actual history data and the reference
simulation.

FOPR vs, DATE (REFERENCE_CASE)
— FOPRH vs. DATE (REFEREMNCE_CASE)

3000 T

FOPR,FOPRH  5M3 /DAY
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1/1/00 1/1/01 1/1/02 1/1/03 1/1/04 1/1/405 1/1/06 1/1/07 /1708 1/1/09

DATE

Figure 6 FOPR vs FOPRH

Figure 6 shows the matching between the real field oil production and the oil production simulated.
The history matching for the field oil production is good. It has a good correlation, and hits the peaks
well. History shows in general a higher oil production than the simulation gives. The blue line
represents the history and the green line represents the simulation.
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— FGOR vs, DATE (REFERENCE_CASE)
FGORH vs, DATE (REFERENCE_CASE)
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Figure 7 FGOR vs FGORH

Figure 7 shows the matching between the real gas-oil ratio and the gas-oil ratio from the Reference
Case simulation. The matching shows a generally good correlation. The first half of the time period,
the gas - oil ratio is higher for the simulation than the actual history. In the second part of the time
period the FGOR is in average equal to the actual history. The green line represents the actual history
and the red line represents the simulation.
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— PWCT vs, DATE (REFERENCE_CASE)
FWCTH vs, DATE (REFERENCE_CASE)
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Figure 8 FWCT vs FWCTH

Figure 8 shows the actual water cut compared with water cut from the Reference Case simulation.
The Field water cut from the simulation is much higher than the actual history shows. The difference
between history and simulation increases throughout the time period. The sky blue line represents
the actual history and the dark blue line represents the simulation.
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6.2 Field production

The following sub chapter contains field production data for the Reference Case and the Extended

Case.

6.2.1 Field data for Reference Case
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Figure 9 Field production rate from Reference Case

The green line shows the oil production, blue line is water cut and the red line is gas to oil ratio. The

simulation results shows that the oil production has a decreasing trend, while both the water cut and

GOR are increasing. This could probably be explained by the pressure drop in the field, causing more

gas to dissolve from the oil. See Figure 9.

Before the Extended Case was simulated there was some thinking about what are reasonable results

which can be expected from this case. The expectations were to get a jump in oil production from 1

October 2015, when the new wells are starting to produce. There will also expectations for the

production to decrease after some time, but hopefully not down to the Reference Case level. There is

also likely to believe that the water cut will be lower.
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6.2.2 Field data for Extended Case

~ FGOR vs. DATE (GFS_RESTART1)
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Figure 10 Field production rate from Extended Case

The date that the wells are supposed to come into production is Oct-2015. And as expected the
production rate for oil has a significant increase at the date, and the water cut decreases at the same
time. As expected the production will start to decrease and the water cut will increase. See Figure 10.
Notice that the water cut will only increase up to 54% before it starts to decrease again around 2026.
This is lower than the water cut for the Reference Case, where the water cut is between 60-80 % in
the same time period.

As for the Reference Case the GOR will increase, this is probably an effect of pressure loss in the field.
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6.3 Field in total

The total oil and gas production and total water cut follows under, comparing the Reference Case to

the Extended Case.

6.3.1 Total Oil Production in Field (FOPT)

FOPT vs. DATE (GFS_RESTART1)
— FOPT vs. DATE (REFERENGE_CASE)
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Figure 11 Field oil production total
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Figure 11 shows that by adding 4 oil producers and 2 gas injector in 2015, there is a gain of

approximately 5 MSm? additional oil.
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6.3.2 Total Gas Production in Field (FGPT)
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Figure 12 Field gas production total

Figure 12 shows that by adding 2 new gas injector in 2015, total gas production in 2030 increase from
12,1 billion Sm® to 26,5 billion Sm”.
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6.3.3 Total Water Cut in Field (FWCT)
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Figure 13 Field water cut total

Figure 13 shows the water cut in the Reference Case vs. Extended Case. The water cut is higher for
the Reference Case than for the Extended Case. Notice the drop in water cut in 2015 when the 4 new
wells are starting to produce.
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6.4 Well production Reference Case vs. Extended Case
This sub chapter contains a comparison of oil and gas well production and water cut, between
Reference Case and Extended Case.

6.4.1 Well oil production rate, Reference Case vs. Extended Case
The oil production trend for all the old wells in this comparison is similar. To illustrate the trend, one
figure for the oil production is included. The blue line is the Reference Case, and the green line is the
Extended Case.
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Figure 14 WOPR, G-2_ML reference vs. Extended Case

Figure 14 shows the oil production for well G-2_ML. It has a small period with higher production for
the Extended Case than for the Reference Case. Then it decreases, faster than the production in the
Reference Case and is eventually shut in. The shut in is done earlier for the Extended Case. Totally
this well produces less oil in the Extended Case compared to the Reference Case. The reason for the
more rapid decrease in oil production is probably because it is influenced by the new wells. The new
wells are producing some of the oil that the old well would have produced if the new wells were not
introduced.
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Well gas production rate, Reference Case vs. Extended Case

The gas production trend for all the old wells in this comparison is equal. To illustrate this trend, one
figure for the gas production is included. The green line is the Reference Case, and the red line is the
Extended Case.
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Figure 15 WGPR, G-2_ML reference vs. Extended Case

Figure 15 shows the gas production rate for well G-2_ML. It also has a small period where it is
producing slightly more in the Extended Case than in the Reference Case. The production in the
Extended Case is declining faster than in the Reference Case. In the end the well is shut in earlier in
the Extended Case than for the Reference Case, and the gas production in total is also lower. The
reason for the more rapid decrease in gas production is probably because it is influenced by the new
wells. The new wells are producing some of the gas that the old well would have produced if the
new wells were not introduced.
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6.4.2 Well water cut, Reference Case vs. Extended Case
The water cut trend for all the old wells in this comparison is similar. To illustrate the trend, one
figure for the water cut is included. The blue line is the Reference Case, and the sky blue line is the
Extended Case.
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Figure 16 WWCT G-2_ML reference vs. Extended Case

Figure 16 shows the well water cut for well G-2_ML. The water cut is increasing faster for the
Extended Case, and well is shut in earlier.

This trend follows for all the old wells. The oil production is lower, the gas production is lower, the

water cut is higher and the majority of the wells are shut in earlier in the Extended Case compared to

the Reference Case.
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6.5 New Wells in Extended Case
The following sub chapter contains the most important parameters for the new production wells
from the Extended Case.

6.5.1 WellW1
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Figure 17 WOPR, WWCT, WGOR and WBH for W1

From Figure 17 it can be seen that the oil production, dark blue line, is kept steady for only a few
years before it starts to decrease, quite rapidly. The water cut, light blue line, and the gas to oil,
green line, ratio increases up to big levels. The water cut is over 40% at the most.
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6.5.2 WellW2W3
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Figure 18 WOPR, WWCT, WGOR and WBHP for W2W3

For this well it can be seen that the production is only kept steady for a few years before it drops.

Like well W1 this well has increased water cut in time and the GOR increases as well. See Figure 18.
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6.5.3 Well W4W5
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Figure 19 WOPR, WWCT, WGOR and WBHP for W4W5

As for the previous wells the production (dark blue line) starts to decrease shortly after production
start. The pressure (red line) drops to zero around 2027, and the well is not able to produce any
more. See Figure 19.
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6.54 WellW6W7

AT WERT e DATE (TS RESTRN) WD WTWT w2, DATE (BF3 REFTAN'
WO I WET v DATE (DTS RESTANT']

WP WET v DNTE (0TS REEINND

400 7] 800 ®125 [~ 12000
700 — r L
i ] i — 10000
* 1 o100 -
300 — 600 — i i
| ] i — 000
500 — i i
T - —Qovs -
300 —| 400 — — 6000
s z i i -
A N
£ i) i
fii} = -~
-1 1 — Q.05% =0
S 1~ 300 — =L
= 4= - [ =
= ©o 153
i R \ L £ — 4000
R A T — | F
= =R L
100 — 200 — L |
. 8 o025 -
| i = — 2000
100 — i L
ad o cooe Lo

I I I I I I I I I I
1/1/01 1/1,/04 1/1/07 1/1/10 1/1/13 1/1/16 1/1/19 1/1,/22 1/1/25 1/1/28

DATE

WGORMWEWT  SM3/SM3

Figure 20 WOPR, WWCT, WGOR and WBHP for W6W7

This well has a shorter plateau production, dark blue line, than the other wells. Here, the water cut,
light blue line, drops after some time before it starts to increase again. But the level of water cut
never exceeds 12, 5%, which is much lower than for the rest of the new wells. As for all the other
wells the GOR, green ling, is increasing with time. See Figure 20.

In all the wells the pressure is decreasing with time.

Notice that the level of water cut is varying from each well from around 10% all the way up to over
60%. In all wells the GOR reaches quite high levels because of the pressure drop. The bubble point
pressure in the field is around 220 Bars. The pressure in the wells is below this pressure at some
point. This means that the gas is coming out of solution, and there will be more gas produced. This is
probably the main reason for the decrease in oil production.
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Figure 21 FGIT and FGPT

Figure 21 shows the total field gas production and how much gas injected into the field. The
production of gas is increasing quite rapidly from around the same time as the oil production starts
to drop. As discussed previously one reason for this may be the gas coming out of solution when the
pressure falls below the bubble point. Another reason may be that the injected gas is moving straight
to the wells and gets produced. To check this one can observe how the gas saturation changes with
time in e.g. GL- view. This exceeds the scope of this assignment, and is therefore not included in this
report.
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7 ECONOMIC EVALUATION - PART A

The economic evaluation is based on the field data estimates, regarding the extra gas and oil
produced from the new 4 wells and the gas injected from the new 2 injectors. The extra volumes of
oil and gas were estimated using the results of the rates from eclipse simulation then an average rate
per year was estimated and multiplied by 365 days, assuming that the field is producing during the
entire year, then the extra volumes were found for both cases, oil and gas.

[QExtended Case (Sm3/d) — Qref case (Sm3/d)]*365d = Extra volume (Sm3)—>in a year
For the gas sale there was assumed that:

Gas Sale (Gsm3) = Extra volume (Gsm3) — Volume injected for the new injectors (Gsm3)
The production of the new wells will start in the end of 2015.

When the volume of gas injected is bigger than the extra gas produced, it is assumed that the project
must pay for the missing amount of gas needed, at standard gas prices.

7.1 Economic factors:
In order to calculate the net present value the following assumptions were made. See Table 2
Economical assumptions

Table 2 Economical assumptions

CASES LOW BASE HIGH
GAS (NOK/Sm3) 1,2 2 2,8
OIL ($/bbl) 45 75 105
Discount Rate (%) 10 8 5

Oil price development (%) | 5 10 15
Gas price development 5 10 15
(%)

Exchange rate: 6 NOK/USD

For the Oil and gas prices it is considered = High/Low cases: +/- 40 %
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7.2 Main Calculations

e The oil revenues are calculated with the following formula:
Revenues from oil = oil produced (sm3)*oil price(nok/sm3)*(1+oil price development)*project year

e The Gas revenues:

Revenues from gas=(gas produced-gas injected) (Gsm3)*gas price(nok/sm3)*1000000000*(1+gas price
development)*project year

e Capex

Capital expenditures, are made in order to create future benefits, the capital cost estimates covers
the costs from the time of issue for approval of the PDO up to and including the production start-up.

This includes: Platform costs, Subsea installations, Oil and gas Export system, Drilling and Completion
and miscellaneous (PDO and conceptual engineering, soil investigations and insurance in
construction period).

e Opex

Operational expenditure, is an ongoing cost for running a system, this includes costs of: Offshore
(manning, chemicals, maintenance, well and subsea maintenance, inspection, platform services),
Logistics (supply vessels, helicopters, and base), CO2 Duty, Onshore support, Insurance, Licence
overhead.

e Net cash flow
Net cash flow = Revenues form Gas + Revenues from oil - CAPEX — OPEX

e Net present value

Is an indicator of the future cash inflows that the project will yield

NPV = Net cash flow/(1+discount rate)*project year
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7.3 Evaluation

There are many options for drilling the wells. In this task two options were evaluated in 3 different

scenarios: low base, base case and high case:

Option 1 = Drill the new wells from a ship to the subsea templates and tie back to Gullfaks A

platform.

Option 2-> Drill the new wells from a new platform.

7.3.1 Option1

To make the calculations for the economic evaluation, the CAPEX and the OPEX are assumed for the

base case, see Table 3 and Table 4, for high case it is -40% and for low case +40%.

Table 3 CAPEX assumptions, option 1

ELEMENT COST (MNOK)
Production Unit (new installations in platform A) | 1035

Subsea pipeline 3500

Drilling ad Completion (DRILEX) 1035 (172,5MNOK/well)
Total 5570

Table 4 OPEX assumptions, option 1

ELEMENT COST (MNOK)
Field/onshore 3190

(offshore and onshore operations)

Oil and Gas Transportation

1411(0,3NOK/Sm3 Gas ; 15NOK/Bbl Qil)

CO2 Duty

280

Total

4881
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7.3.2 Option 2
To make the calculations for the economic evaluation, the CAPEX and the OPEX is assumed for the
base case, see Table 5 and Table 6, for high case it is -40% and for low case +40%.

Table 5 CAPEX assumptions, option 2

ELEMENT COST (MNOK)
Production Unit (new platform ) 11000

Subsea pipeline 2100

Drilling ad Completion (DRILEX) 1500 (250MNOK/well )
Total 14600

Table 6 OPEX assumptions, option 2

ELEMENT COST (MNOK)

Field/onshore 6320

(offshore and onshore operations)

Oil and Gas Transportation 1411 (0,3NOK/Sm3 Gas ; 15NOK/Bbl Qil)
CO2 Duty 280

Total 8011
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7.4 Results
This subchapter contains the results from the economical evaluation.

7.4.1 Option1
Net Cash Flow (option 1)
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Figure 22 Net cash flow, option 1
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Figure 23 Net present value, option 1

From Figure 22 and Figure 23, there can be seen that the low case are having losses and the base
case and the high case are having earnings, but after 2025 the losses will increase. Based on the
assumptions made the production should be shut down in 2025 so the maximum earnings are
achieved
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7.4.2 Option 2

Net Cash Flow (option 2)
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Figure 24 Net cash flow, option 2
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Figure 25 Net present value, option 2
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From Figure 24 and Figure 25 it can be observed that in the low case there are losses and for the
base case the earnings are very low compared with option 1, the high case gets high revenues, but
considering the base case as the most probable then option 1 represents the best option. See

Appendix A for more details.
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7.5 Sensitivity Analysis
As many assumptions were made, it is necessary to perform a sensitivity analysis which studies how
the variation (uncertainty) in the input affects the output. In this case the ceteris paribus approach
was used to observe how the effect of a single independent variable on a dependent variable can be
isolated, for example if only the oil price changes, how is the net present value affected.

7.5.1 Option1
Using the base case the following parameters shown in Table 7 were changed independently and as a
result the % NPV changed. In the sensitivity spider plot the oil price is the factor that influences the
most in the change of NPV and the well cost influences the least. See Figure 26.

Table 7 Sensitivity results 1

CASES
PARAMETERS LOW BASE HIGH
Oil price 45 75 105
% change -40,00 % 0% 40,00 %
NPV 4648,39 10039,56 15430,73
% change -53,7 % 0,0 % 53,7 %
Gas price 1,200 2 2,800
% change -40,00 % 0% 40,00 %
NPV 8772,06 10039,56 11307,06
% change -12,63 % 0,00 % 12,63 %
Discount rate 0,1 0,08 0,05
% change 25,00 % 0,00 % -37,50 %
NPV 8257,76 10039,56 13228,24
% change -17,75 % 0,00 % 31,76 %
Well cost 1449 1035 621
% change 40 % 0% -40 %
NPV 9704,5 10039,56 10374,62
% change -33% 0,0 % 3,3%
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SENSITIVITY SPIDER PLOT
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Figure 26 Sensitivity spider plot, option 1
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7.5.2 Option 2

Using the base case the parameters shown in Table 8 were changed independently and as a

result the % NPV changed. In the sensitivity spider plot the oil price is the factor that influences
the most in the change of NPV, as the earnings (NPV) in the base case are not that high. Then if

the oil price increases in 40% the NPV increases in 524,3%. The well cost (including only drilex)
influences the least.

Table 8 Sensitivity results 2

CASES
PARAMETERS LOW BASE HIGH
Oil price 45 75 105
% change -40,00 % 0% 40,00 %
NPV -4362,95 1028,22 |6419,39
% change -524,3 % 0,0 % 524,3 %
Gas price 1,200 2 2,800
% change -40,00 % 0% 40,00 %
NPV -239,28 1028,22 |2295,72
% change -123,27 % 0,00 % 123,27 %
Discount rate 0,1 0,08 0,05
% change 25,00 % 0,00 % -37,50 %
NPV -252,87 1028,22 |3299,72
% change -124,59 % 0,00 % 220,92 %
Well cost 2100 1500 900
% change 40 % 0% -40 %
NPV 533,4 1028,22 |1523,03
% change -48,1 % 0,0% 48,1 %
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SENSITIVITY SPIDER PLOT (option 2)
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Figur 27 Sensitivity spider plot, option 2
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8 PHYSICS BEHIND WI AND WAG

This chapter contains a basic description of water injection and water alternating gas injection.

8.1 Water injection (WI) [3]
Hydrocarbon Reservoirs consist of natural rock formations that are saturated with hydrocarbons and
water. Due to their location under the earth, and their high temperature, they are often subjected to
high pressure, which is exploited when hydrocarbons are recovered. Water is injected for two
reasons: 1. For pressure support of the reservoir (also known as voidage replacement). 2. To sweep
or displace the oil from the reservoir, and push it towards an oil production well.

Normally only 30% of the oil in a reservoir can be extracted, but water injection increases that
percentage (known as the recovery factor), and maintains the production rate of a reservoir over a
longer period of time.

The water used for water injection is usually some sort of brine, but it can also be made up of other
sources that are treated. For example, in some reservoirs water is produced with the hydrocarbons,
removed from the production and re-injected into the formation.

It is important that the water being injected works within the formation. Filtration and processing of
the water that will be injected are sometimes necessary to ensure that no materials clog the well
pores and that bacteria is not permitted to grow. In an effort to reduce any corrosion within the
reservoir, oxygen is often removed from the water, as well.

While production wells can be converted into injection wells, water-injection wells are also drilled
specifically for this purpose. Water is then pumped into the reservoir, or gravity can help to push the
liquid into the formation. This solution positions water tanks on hills or somewhere above the well,
and the water simply is fed into the wellbore.

There are a number of techniques for determining where the water-injection wells should be drilled,
as well as established patterns for water-injection wells in relation to production wells. One popular
pattern, called the five-spot pattern, involves drilling four water-injection wells in a square around a
production well. This is repeated around each production well on the reservoir, resulting in four
production wells surrounding each water-injection well, as well.

Other drilling techniques include the seven-spot pattern, which has six water-injection wells
surrounding a production well, and the inverted seven-spot pattern, which describes six
production wells surrounding one water-injection well.

Also, wells can be drilled in line patterns, rather than spot patterns, where a direct line or staggered
line of production wells is followed by a similar line of water-injection wells, and so on. In an edge
waterflood, water-injection wells are drilled along the outside borders of the field, and water is
injected, with production flowing toward the production wells in the center of the reservoir.
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8.2 Water alternating gas injection (WAG) [8]
WAG is an enhanced oil recovery process whereby water and gas are alternately injected for periods
of time to provide better sweep efficiency and reduce gas channelling from injector to producer. The
water and gas is supposed to follow the same route through the reservoir.

The idea behind the WAG is that gravitational forces ensures that the water runs oil out of the
reservoir bottom parts, while the gas drive oil out of the upper parts. Three-phase gas, oil and water
flow is better at displacing residual oil in the pore system than two-phase flow. WAG thus improves
the efficiency of both microscopic and macroscopic displacement. The challenge is to achieve
sufficient sweep in the reservoirs.

WAG is a well established technology in Statoil, and they have used this in several fields, including
Gullfaks. IOR potential using the WAG vs. conventional water injection is considered to be around 5
to 10%. Gas costs constitute a large proportion of the total cost, except in cases where there is a
surplus of gas from production.

Variants include injecting gas as a supplement to water or vice versa, primarily to reach other parts of
the reservoir. In the case of supplementary water injection, it also saves on valuable injection gas.

A distinction can often be drawn between miscible and immiscible WAG injection, and the water and
gas can be injected simultaneously (SWAG) rather than intermittently.

Adding a foaming agent to the injection water can also improve the gas sweep.

I Gas

3-phase
(G/O/W) region

2-phase

P (G/O) region

2-phase

\Witas (W/O) region

Figure 28 Segregated flow during up-dip WAG injection.

The WAG injection process aims to squeeze more oil out of the reservoirs. It is well known that
remaining (residual) oil in the flooded rock may be lowest when three phases — oil, water and gas —
have been achieved in this volume.

Water injection alone tends to sweep the lower parts of a reservoir, while gas injected alone sweeps
more of the upper parts of a reservoir owing to gravitational forces.
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9 STATOIL’S EXPERIENCE AT THE GULLFAKS MAIN FIELD [4]

This chapter presents some of Statoil’s experiences using WAG injection at the Gullfaks main field.

Gullfaks Field

e Discovered: 1978

Production start: 1986

STOOIP: 600 MSm3

e Reserves: 360 MSm3

Produced to date: 340 MSm3
Main field drive mechanism: WI
Satellite fields drive: Gl/depletion
Water-alternating-gas (WAG)

e Start of injection: March 1991 in lower Brent, well A-11.
e Second well was A-12 in lower Brent, January 1993.
e Since then, gas has been injected in several Wl-wells:

O LowerBrent: C-10, A-35, A41B

O UpperBrent: A-27A, A-25A, A-25B and C-17
0 Statfjord: C-21,C-4 and C-13
0 Cook: C-18, A-17A, C-1

Gas is injected both in WI-wells and in other wells on GFA/GFC.

Table 9 Injected gas and water

Water injected,
Gas injected,

MSm3 MSm3
All GFA/GFC wells 14 547 444
GFA/GFC WAG wells 6 784 343

Injections have been performed in 15 wells on Gullfaks since the first WAG pilot in A-11. This has
contributed to improved oil recovery of about 10 MSm?®. The scope of WAG is limited due to
availability of injection gas. Gullfaks had a gas sale agreement, but the limited transport capacity and
less gas sale in low gas-demand season provided opportunity to inject some gas for increased oil
recovery without high economic consequence. WAG injection on Gullfaks is mostly concentrated in
the Brent and Statfjord Formation. The water flooding in the Lower Brent Formations is relatively less
effective due to well-known Etive-Rannoch override where water flows rapidly through the lower
part of Etive and upper part of Rannoch. Gravitational segregation of injection gas gives better sweep
in the areas not contacted by water. WAG on Gullfaks also helps to maintain oil production during
low gas export period and reduces CO2 tax and storage cost. The injection gas is not miscible with
the Gullfaks oil. The main mechanisms of incremental oil recovery by WAG are: (1) draining of attic
oil, (2) sweeping of other areas not contacted by water, (3) reduction in water cut and gas lifting of
high water-cut wells.
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Gullfaks gas injection rates in WI-wells (Initial rates):
e A-11and A-12: 1.5 Mill. Sm3/d gas, 5 000 Sm3/d water
e A-27A:2-2.5 Mill. Sm3/d gas, 9 000 Sm3/d water
e A-25A:1-1.5 Mill. Sm3/d gas, 6 000 Sm3/d water
e (-10: 2-2.5 Mill. Sm3/d gas, 12 000 Sm3/d water
e (C-21:2-3 Mill. Sm3/d gas, 11 000 Sm3/d water
e (-3 and C-14:1.5-2 Mill. Sm3/d gas, 10 000 Sm3/d water
e A-25B:0.5-1 Mill. Sm3/d gas
e (-17:1.5-2.3 Mill. Sm3/d gas, 10000 Sm3/d water
Later the rates are smaller due to less need of volume.

Cook-wells show lower injectivity in the gas phase than expected from the water injection.

Table 10 Amount of gas and water injected in wells until 15-3-2009

Well Formation |Gasinjected, MSm3®  |Water injected, MSm3
A-11 Lower Brent |1472 20,2
A-12 Lower Brent |258 26,4
A-35 Lower Brent |96 9,2
A-41B Lower Brent |53 8,2
C-10 Lower Brent |475 45,5
A-25/A27 Upper Brent |2 247 59,4
C-17 Upper Brent |242 45,0
C-21T2 Statfjord 1209 38,9
C-4/C-13 Statfjord 672 75,0
A-17 Cook 27 12,0
C-18 Cook 32 2,1
C-1 Cook 1 1
TOTAL 6 784 343

WAG contribution to improved oil recovery is 10 MSm®.
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Table 11 Gas volume injected, produced back, left in reservoir and estimated increased recovery

Well Injected by Gas back Gas leftin Estimated

15.03.09 produced reservoir MSm? increased
recovery, MSm?3

MSm? MSm?

A-11 1472 1049(71%) 423 1,6

A-12 258 17(7%) 241 0,3

A-25A/ 2247 1595(71%) 651 2,9

A-27A/

A-25B

c-4/ 672 133(20%) 539 1,2

C-13

C-21T2 1209 629(52%) 580 1,3

C-10 475 57(12%) 418 0,5

Total 6333 3480(55%) 2853 7,8

A-11 WAG pilotin G1/G2 segment

Lower Brent

Rannoch fm 50-90 m thick

Etive fm 14-40m thick

Upper Brent, 200m thick

Uncertain communication through faults
WCT > 50% in the production wells

Field observations:
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A-11 injection

W] started in November 1987
WAG started in March 1991

Gas breakthrough:

(0}
(0}

(0}
(0}

Well A-19 in July 1991
Well A-10 in April 1992

Well A-13 in August 1992

Well A-14 in December 1994
Reduced water cut after gas breakthrough
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Summary of WAG in A-11:

e Injected volume: 1472 Mill. Sm?3

e Backflow through producers: 1049 Mill. Sm3 gas (71% of injected volume)
e Leftin reservoir: 423 Mill. Sm?3 of gas, corresponding to 1,6 MRm?3

e Estimated increased oil recovery: App. 1,6 MSm3

e Saturation logs shows gas cap in Etive in A-10 and A-14

Monthly gas injection volume, well A-11

o B Water [0 Gas

300 -
Total water injection: 15,9 M Rm3

cuv

200 - Total gas injection: 5,6 M Rm3

150

100

50

Monthly injection volums (Rm3)
Thousands

8

0 112 13 WAISH 6 7

9w In'» ‘14 M
99

nov.87 nov.89 nov.91 nov.93 nov.95 nov.97 nov.

Figure 29 Total water and gas injection
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10 SIMULATION

This chapter contains the simulations and results done in part B of the project. First the water
injection is presented, then water alternating gas injection and in the end there is done a comparison
of the two methods.

10.1 WI Simulation
The simulations were made with Eclipse, and in order to place the new wells in the simulation
ECLPOST was used, with the well path in UTM coordinates and the type of well (water injectors or
producer). Communication between the segments of the reservoir was studied by the animations in
3D of the flow in the Extended Case, then the strategy for the location of the producers was to place
then near from the high oil saturation areas and near the gas oil contact to try to avoid the early
water breakthrough, because the fluid to be injected is water then the gas and oil layers are moved
up, and for the injectors the strategy was to inject in the water layers. The locations of the wells was
chosen basically by trial and error, then after 11 cases the best result from the production point of
view that we could find is still 0,2% less in total production than the Extended Case.

One of the major problems faced during the simulations was to keep the pressure in the reservoir,
several attempts were made by changing the locations of the injectors and the producers and by
changing the rates of injection and production, another problem was the high production of water up
to 98% in water cut.
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10.1.1 Sensitivity
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Figure 30 Comparison of total oil production (WI cases)

In Figure 30 the comparison of the total oil produced in the eleven cases can be observed. In some of
the cases the simulation was stopped before 2030 because the pressure was too low and the
producer could not work any longer. The two best cases are case 9 and case 11, and both cases have
the same configuration in terms of well locations. A sensitivity analysis was performed by changing
injection and production rates to improve case 9. The production is slightly lower in case 11, but is
still considered as the best case taking all parameters in to consideration. The simulation results for
this case will be presented in a separate sub chapter.
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Figure 31 Water cut comparison (WI cases)

Figure 31 shows the water cut for the WI cases, it can be seen that the water cut is very high in all
the cases, after the first year it is higher than 75% for all of them, and higher than 95% in the end of
the simulation (year 2030). Several unsuccessful attempts were made to try to control the water
produced in the reservoir by changing the injection rate and the separation of the injector from the
producers but this did not influence the water cut. This is one of the cons of using water injection as
an IOR method to exploit Gulfaks s@r. Polymers might be considered to improve the mobility ratio to
be more favourable for oil, but more importantly the production rates need to be adjusted to avoid
that the pressure around the wells falls below the bubble point pressure.

Pressure support of the reservoir is one main purpose for injecting water, in case 4, seven injectors
were placed in the aquifer (3 in the north and 4 in the south) to keep the reservoir pressurized.
Figure 32 shows the reservoir pressure in 2015 to the left and 2030 to the right. The field pressure in
2015 is around 380 Bars and in 2030 the field pressure have dropped to around 150 Bars in high
saturated zone (blue area), which is bellow the bubble point. In the water zone (green area), the
pressure is around 400 Bars. This demonstrates that the water injection is pressurizing the low oil
saturation zone in the reservoir, and can not support the pressure in the high oil saturation zone
where the producer wells are located, which is a clear indication of no communication between
these two zones along the line which divides them (a sealing fault). After this unsuccessful simulation
another case was made; this time injectors were located inside the high oil saturation zone but the
Figure 33 shows the same situation as case 4. The Figure 34 shows the comparison of the pressures
between 2015 and 2030 for the case 11, which is the best case from the production point of view,
and it can be seen that the pressure drops by 2030. This shows several attempts to keep the pressure
in the reservoir, but this method (water injection) seems to be unable to support the pressure in the

reservoir.
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Figure 32 Comparison of pressure 2015 and 2030 (case 4)

Figure 33 Comparison of pressure 2015 and 2030 (case 7)

Figure 34 Comparison of pressure 2015 and 2030 (case 11)
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10.1.2 WI Case 11
From the production point of view this is the best case obtained from the simulations of water
injection (WI). This case includes the same producer wells as Reference Case and Extended Case, and
1 extra producer in the north segment A5.

Table 12 QOil rate target for the producers case 11

PRODUCER WELLS SEGMENT LOCATION OIL RATE TARGET
W-5-6 A5 300.000 Sm3/D
W2ws3 A2 900.000 Sm3/D
W4W5 A2 600.000 Sm3/D
Wew?7 A2 1000.000 Sm3/D

For the water injectors the strategy was to keep the reservoir pressurized as long as possible. The
best results were obtained locating water injectors (WI-4 and WI-5) in the same position as the gas
injectors of the Extended Case (GI-2 and GI-4). The water injectors were extended in order to inject in
the water zone. In addition three more injectors were added, two in the north and one in the south.

Table 13 Injection rate data for the producers case 11

WATER INJECTORS INJECTION RATE
WI-1 4000 Sm3/D
WI-2 4000 Sm3/D
WI-3 4000 Sm3/D
WI-4 4000 Sm3/D
WI-5 4000 Sm3/D

Figure 35 shows the configuration use in this case; new producers (red circles), and water injectors
(violet circles).
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Figure 35 Configuration of producers wells and injectors

10.1.3 Results
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Figure 36 FOPR,FPR, FWCT and FGOR from case 11

In 2015, with the 5 new injectors and the 4 new producers, the rate of oil production increases
dramatically (figure 36). The water cut increases quite rapidly, which could be a sign of water
fingering. The pressure is dropping very quickly after the new wells start producing and injecting.
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Measures such as lowering the water injection rate and reducing the oil production rate were taken
in the simulation but this problem persisted; adding polymers to improve the mobility ratio (in favour
of the oil) can help reduce the water cut, and could therefore improve the sweep efficiency.

The abrupt drop in GOR at the initiation of the new wells is probably an indication that the pressure
around the wellbores has dropped below the bubble point. This means that the gas in the oil around
the producers will come out of solution. Since a critical gas saturation is necessary to start moving
this free oil, the GOR will be lowered, while this saturation is achieved. However, this critical
saturation appears to be achieved rather quickly, as the GOR starts increasing almost immediately
after the drop. The GOR then continues to increase, as the oil rate decreases, having a very steep
increase around 2022, which is more or less when the field pressure reaches the bubble point
pressure. The GOR then reaches a maximum, where it starts to decrease. This turning point coincides
with a turning point for the pressure. At this point probably the gas is starting to run out, as both the
GOR and the oil production rate are decreasing simultaneously. The pressure starts to increase at this
point, because total produced fluids are decreasing and the injected fluids are still being injected at a
constant rate. An additional consequence of the release of gas due to the pressure dropping below
the bubble point around the wells would be the increase of the viscosity and density of the oil. This is
most likely one of the main factors for the rapid increase of the water cut and its final level, as
increasing the oils viscosity will turn the mobility ratio even more in favor of the water.

All these things considered we see the potential for improving the model. From a strictly reservoir
engineering perspective, we could prolong the life of the reservoir and increase the sweep and the
final recovery by decreasing even more both the production and the injection rates. Additionally it
has become very clear that the pressure around the producing wells needs to be controlled,
something that will with no doubt improve considerably the performance of case 11.
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Figure 37 Difference in total oil production case 11, Extended Case and Reference Case

From Figure 37, it can be seen that the oil recovery in Wl case 11 and Extended Case are a long way

larger than the Reference Case, and the recovery in the Extended Case (gas injection) is 0,2% higher

than WI case 11 (water injection).

Table 14 Recovery factor for Reference Case, Extended Case and case 1

Cases FOPT(Sm3) RF (STOOIP=42227633 Sm3)

Reference 7911706 0,187359
Restart 11911919 0,282088
11 11817941 0,279863
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Figure 38 Total gas produced for Extended Case, Reference Case and case 11

The Figure 38 shows that Extended Case produces larger amount of gas as is expected from gas

injection. The produced gas can be reinjected, and after oil production is uneconomical, a

considerable amount of the injected gas can then be produced for sale or injection

elsewhere.
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Figure 39 Field pressure for Extended Case, Reference Case and case 1
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Figure 39, in this figure we can see how the field pressure drops below bubble point by 2028 for the
reference case, by 2023 for case 11 and by 2021 for the extended case. After this the field can still be
produced as an oil field as long as the economics are favorable, and then finally it could be changed
into a gas reservoir, to recover the gas left in the reservoir. However, it is important to avoid “early”
release of gas around the producer wells.
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Figure 40 Water cut for case 11, reference and Extended Case

Figure 40 shows an extremely high water production (case 11), this is due to the quick water break
through caused by the large aquifer and the high injection rate, and the previously discussed issue
with the pressure drop around the producers causing the release of gas, and the increase of viscosity
of the oil.
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10.2 WAG injection
To do the WAG- simulation gas- and water injectors were placed in the same positions. The cycling
between water and gas were done by using the WCYCLE keyword in eclipse.

The simulations were done from October 2015 up to 2030.
The restrictions on injection rates given by Statoil are:

e Max. 4000 Sm* water/d

e Max. 6 000 000 Sm® gas/d
WAG - Case 1

In this case the same well configuration as in Wl case 11 has been used, only replacing the water
injectors with “WAG- injectors” as described above.

Table 15 Injection data for WAG case 1

WELL Gas injection rate [Sm3/d] Water injection rate[Sm3/d]

WI-1/GI-1 1200000 4000
WI-2/GI-2W 1200000 4000
WI-3/GI-3 1200000 4000
WI-4/GIl-4W 1200000 1000
WI-5/GI-5 1200000 4000

In this case water and gas were injected with the same rate in all wells. See Table 15. The injection
cycle used in the simulation was: 60 days of water and 60 days of gas.
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Figure 41 FOPR,FPR, FWCT and FGOR from WAG case 1.

Figure 41 shows the Field oil production rate, Field water cut, Field Gas to oil ratio and Field pressure.
The water cut is extremely high (¥95% in 2030), but we are still having a reasonable production of oil.
During the whole production period the pressure drops from 500 Bars to nearly 100 Bars, that is a
total pressure loss of 400 Bars. This means that the injection being done is not helping much to
maintain the pressure in the field, which again can keep the production going for many more years.
Also note the oscillation of the curves due to alternating water and gas injection. Since the pressure
has dropped to far beneath the bubble point (220 bars) there is a lot of gas coming out of solution
and therefore an increasing trend in the Gas to oil ratio (GOR). Figure 42 is showing the pressure in
the field in 2015 vs. the pressure in 2030.
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Figure 42 Pressure distribution in field. Left: 2015, Right: 2030

There is extremely high water cut after only a short time of injection (Figure 41). This could possible
mean that the injectors are placed too close to the producers, or that the injectors are perforated in
a zone with higher permeability than the surroundings, leading to a quick water break through. In
injector wells WI-4/GI-4W and WI-5/GI-5 we notice that the bottom hole pressure (BHP) drops during
the injection period, even though the injection is with constant rate (Figure 43). This is a clear
indication that the water and gas which are being injected are going straight to the producers, and
are not doing what they are thought for. These injectors should therefore bee placed differently in
order to improve the result.

WEBHP:GI-4W vs. DATE (WAGCASET)
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Figure 43 BHP in injector well WI-4/GI-4W
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The pressure in the injectors shows a difference between when water and gas are being injected

(Figure 43 and Figure 44). This implies that the injection rates used are not optimal. A quick

calculation showed that the injected volumes are not the same at reservoir conditions. The injected

volume of water is larger than that of gas. The wanted thing is to keep the pressure in the injector

well, as stable as possible. This can be done by injecting the same volume of both phases.

BARE

WP G- 1 WEHPW—- |

T WEHP.GR1 vi DATE (WAGCASET)
WEHFWE 1 ve. DATE (WAGCASE)

|
116

11718

141720 1108 1/1/24

1186 1/1/08 1/1/30

Figure 44 Pressure difference between injected phases in injector well WI-1/GI-1.

10.2.1 WAG - case 6

In the first WAG case there was a major problem with the pressure drop in the field. In WAG case 1

the maximum rates of injection given by Statoil is used. To manage the problem with different
volumes being injected a reduction of the water injection rate were tried. This did not change the
results at all. Then the injection rate of gas was increased with 0.5 mill Sm?/d total in the field. This

means that in this case 0.5 million Sm?/d more than the limit given are being injected.

Table 16 Injection data for WAG case 6

WELL Gas injection rate [Sm3/d] Water injection rate[Sm3/d]

WI-1/GI-1 1300000 4000
WI-2/GI-2W 1300000 4000
WI-3/GI-3 1300000 4000
WI-4/GI-4W 1300000 1000
WI-5/GI-5 1300000 4000
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The simulation was run with the same cycling as for the WAG case 1: 60 days of water followed by 60

days of gas.
— FGOR vs. DATE (WAGCASER) FWCT ws. DATE [WAGCASER)
FOPR vs, DATE (WAGCASES)
— FPR us. DATE [WAGLASER)
12000 7] 380 ) [ 1.00 [~ 5000
- 360 F
il ] Foso [
19000 —| ] | r
- 340 — F — 4000
] Foeo [
- 320
800D —
7 ] Fogo |
- 300 + — 3040
BODG — 2RO — — 0.60
- r =
z % ) 8
5 760 — 3 20005
-] ES = =
& i o805 2
@ - [ E [ o
& 4000 —IE ] L L
- - 240 — B
i B UA" L L
Foao |
- z20 - F — 1000
2000 — B L
7 E Fo30 L
- zoo — F
o 180 ] | | i i | | | nz0 Lo
1/1,/18 171418 171,420 171,422 141424 171728 11,728 1/1/30
DATE

Figure 45 FOPR, FPR, FWCT and FGOR for WAG case 6

The results show that the field pressure is declining in this case as well, but here the minimum
pressure is 190 Bars (Figure 45). This means that increasing the gas injection rate with 0.1 mill Sm?/d
in each well was successful from the pressure point of view. Figure 47 show the comparison of field
pressure in the two cases. The results also show that the total water- and gas production have been
reduced compared to WAG case 1 (Figure 48 and Figure 49). On the other hand the total oil
production is less than for the WAG case 1 (Figure 50).

Despite the fact of smaller total production compared with the WAG case 1, this case gives a better
total result. Being able to maintain the field pressure better by changing the injection rates of gas can
extend the total life time of the field by years; remember there was still some oil production when
the pressure was near 100 Bars in WAG case 1. The fact that there are less water and gas being
produced is also a contributor and a reason for comparing WAG case 6 to the best WI case.
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Table 17 Differences between Wag case 1 and WAG case 6.

Total QOil Total water production Total gas production Min pressure
production [Sm3] |[Sm3] [Sm3] [Bar]
WAG case 1 13200000 | 4.2E7 3.8E10 130
WAG case 6 12900000 | 3.8E7 3.7E10 190
Difference 23% 10.7 % 3.6% 60

The problems with the injector wells WI-4/GI-4W and WI-5/GI-5 mentioned under WAG case 1 is still
a problem in this case. These injectors should be replaced.

There is still not being injecting the same volume of water and gas. Figure 46 shows the BHP of
injector well WI-1/GlI-1, and there is still a pressure difference between the two injected phases, but
all in all there is a more stable trend compared to the situation in WAG case 1.

This case was run to see if a change in the gas injection rate had a positive effect on the result,
because of the limitation given by Statoil. As shown by the simulation result this small change has a
major effect, especially on the field pressure. It could therefore be a good idea, if possible, to
increase the gas injection rate even further so the injected volumes are the same.
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Figure 46 BHP in injector well WI-1/Gl-1 WAG case 6
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Figure 47 Difference in FPR WAG case 1 and WAG case 6
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Figure 48 Difference in water production WAG case 1 and WAG case 6.
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Figure 49 Difference in Gas production WAG case 1 and WAG case 6.
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Figure 50 Difference in total oil production WAG case 1 and WAG case 6.
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11 COMPARISON WAG CASE 6 AND WI CASE 11

When comparing the results from the best WI case and WAG case, the WAG case is producing

approximately 8% more than the WI case. (Table 18Table 18: Total Oil production, and Water cut;

Reference Case, WI case 11 and WAG case 6.) This is what we should expect to get according to the

theory.
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Figure 51: Total Oil production for WI case 11 and WAG case 6.

Table 18: Total Oil production, and Water cut; Reference Case, WI case 11 and WAG case 6.

Case Total Oil production [Sm3] Recovery factor Max Water cut
Reference Case 8000000 0.19 0.7
WI case 11 11817941 0.28 0.98
WAG case 6 12932515 0.31 0.95
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Figure 52 Field pressure for WAG case 6 and WI case 11

The pressure in the field is dropping in both cases. See Figure 52. But the pressure in WAG case 6 is at
a higher level and more stable than for the Wl case 11. The main purpose with injection is to give
pressure support to the reservoir. The results show that a WAG injection is more successful in this
matter than WI.

The total water production is lower using WAG injection compared to WI (Figure 53), but the gas
production is at a higher level (Figure 54) This could be explained by the previous mentioned
problem with injected fluids going straight to producers from injectors WI-4/Gl-4W and WI-5/GI-5.
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Figure 53 Total water production WAG case 6 and WI case 11

— FGPT vs. DATE (CASE11)
~ FGPT vs. DATE (WAGCASEE)
3E+I0 T
ZE+10 —
"
= —
@
-
o
£ 1E+10 —
QE+00
I I I I I I I ]
1/1/18 1/1/18 1/1/20 1/1/22 1/1/24 1/1/28 1/1/28 1/1/30
DATE

Figure 54 Total gas production WAG case 6 and WI case 11.
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12 CONCLUSION

12.1 PartA

History matching for the oil production rate and gas production rate is overall quite good. However
for the water cut the model gives overestimated results. When comparing the Reference Case with
the Extended Case there is a big increase in production when the new wells start producing. Within a
year the production already starts to decrease. This is the same trend for the new wells, W1, W2W3,
W4WS5 and W6W?7. All the wells have the same expected behaviour with pressure drop, increase in
GOR and water cut. One well, W6W?7, stands out with a lower water cut than the rest. The
production in this well is decreasing with the same amount as the others; this leads us into believing
the main reason for the decrease is the pressure drop and the increase in gas production.

For the economical evaluation two options for drilling the new wells were studied, a subsea solution
and a platform solution. Based on our assumptions the Subsea solution is the most profitable. There
are a lot of uncertainties in our calculations, but in the sensitivity analysis we isolated some of the
variables so we can see the effect of each one in the NPV. The study was limited to only two options,
but there are more options that could be considered for drilling the wells, for example an extended
reach well if the platform/templates capacity and the distance between the platform and well target
allows.

The economic evaluation indicates that by 2025 the project will yield losses because the cost of
operation and injecting gas becomes higher than the value of the produced hydrocarbons, by this
time a new strategy should be implemented, for example the field strategy could be changed to gas
production by depletion if the economic evaluation is favourable, this strategy is planned for the late
life of the Statfjord field

12.2 PartB
The results from different simulations, have shown that a Water Alternating Gas (WAG) injection will
give a higher recovery factor at Gullfaks Sgr than with a conventional water injection. The field
pressure will also be maintained better. Therefore a WAG solution is recommended strictly from a
production point of view.

One of the cons of using WAG injection is the high water cut, which is up to 95%.

In WAG case 6, the pressure will drop in every production well from 2015. One reason could be that
the production oil rate target is too high. A solution to keep the pressure more stable is to put other
restrictions on the production rate, than them being used in the WAG cases. This in addition to
optimize the injection rates could probably help to get more pressure support from the injected
fluids.

There have also only been run simulations with 60/60 days cycling. This is not necessary the best
alternating cycle. There should be done simulations with longer injection periods and with different
periods for water and gas to see which effects it has on the result.

As mentioned the positioning of both injector and producer wells could be optimized further. The
perforation in the wells should also be looked at closer, since there are indications of injecting water
into a “thief zone”.
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Since it is so important to keep the pressure in the field, the possibility of closing the field for
production to build up the pressure, as done in October 2008, should be considered. A shut in should
be done before reaching the bubble point pressure.

All these things considered, show potential for improving the recovery from Gullfaks Sgr using WAG.
However without an economical evaluation it will not be clear how much the benefits of an improved
sweep will be.
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14 APPENDIX

Appendix A Economical evaluation raw data .........cccceveeevevniniensn e,
Appendix B Graph, WOPR, WGOR, WWCT and WBHP for WI Case 11.

Appendix C Graph, WOPR, WGOR, WWCT and WBHP for WAG Case 6
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APPENDIX A1

Option 1(base case): Drilling from a ship to the subsea template

Qil price 75 USD/Bll 2830,41495 NOK/Sm*3
Gas price 2 NOK/Sm*3
Qil price development a1
Gas price development 01
Exchange rate ] NOKUSD
Discount rate 0,08
CAPEX OPEX
Gas Rewenue from il Gas Mt Cash PV cash Cumulative PV
YEAR | YEAR Cil production | Gas production | Injection Gas Sals Fevenue from Qil Gas Preduction unit | SubssaPipeling Dl Fisld'onshore transportation CO2 duty Flow lowr Cash Flow
Z-:R;?J %élﬁEN sm3 Gem3 Gema Gsm3 Ok MoK [ oK [ HOK NOK MoK MM MMOK MMNCH
1 2011 0 0 0 0 0,00 0,00 -200000000 -500000000 200000000 0 0 0] 10000 | -1mess 101852
2| 2z 0 0 o 0 0,00 0,00 - 200000000 1000000000 200000000 20000000 0 o] <00 | 1z74e 223504
3| 203 0 0 0 0 0,00 0,00 -200000000 -800000000 100000000 -60000000 0 0| 116000 920,85 -3156,79
4| 2014 0 0 0 0 0,00 0,00 185000000 1000000000 400000000 -30000000 0 o] aeso0 | -nmerer -4343 88
5| 2015| 2350782552 | 0272652617 0876 | 0603347383 | 107568801122 | 1043303088,57 0 0 0 200000000 | 22364548 37 30000000 | 111997 762,23 -5106,00
6| 2016 900268316 | 0701911246 0676 | 0174088754 | 455020111500 | -G1e817604,82 o o 0 250000000 | 8578027802 30000000 | 3576 58 253,02 -2a52,18
7| 2017| e038es004 | 1230203307 0678 | 0354203307 | 3827268267 86 | 138083520254 0 0 0 230000000 | 1717584457 20000000 | 478635 279279 59,30
8| 2018| S085919082 | 1526605887 0678 | 0.4 3001810463,13 | 103182738871 o o 0 280000000 | 1832617581 20000000 | 454039 2453,08 803,84
9| 2019 200104384 | 1317799843 0676 | 0441799843 |  2603544976,32 | 208348184074 0 0 0 260000000 | -1693482097 20000000 | 4237 g8 219,90 4513,54
10| 2020 | 314888088 | 1308576385 0678 | 0430576365 | 258675378300 | 20I3508400,85 -50000000 o 0 200000000 | 1585616784 20000000 | 409180 1805,30 840883
11 2021 257187607 | 1207960853 0676 | 0421960863 | 207691959473 | 2407808150,14 0 0 35000000 200000000 | -1508538557 20000000 | 407887 1749,38 8158,19
iz | oopp| ooseTeToo| 1267235086 0678 | 0411235086 | 185386740042 | 2581260048 08 o o 0 20000000 | 1430534457 15000000 | 405680 1811,05 2760,24
13| 2023 170946,384 | 1274039047 0676 | 0398039047 |  18T0ITBE6T 06 | 2T48577484,94 0 100000000 0 120000000 | -135540505,3 15000000 | 398812 1468,42 1123586
14| 2024| Me1g7SEE| 1160583850 0678 | 0304583850 | 1270363657 80 | 291318144554 0 100000000 0 120000000 | 1025205482 15000000 | 318802 108472 12320,28
15| 2025 | &TF01,04675 | 1087712448 0676 | 0211712446 | 1036918791,22 | 1768750857 57 100000000 0 0 170000000 | -T1788327 85 15000000 | 244888 T 13092,37
1| o0za| 530513585 | 08681072848 0,678 | 0005072848 BEO0RO0O4T1 | 4881734538 i o 0 170000000 | 8527180563 15000000 | 545,08 158,10 13251,47
17| 2027 | 110382965 | 0,5688433791 0,676 | -0,267566200 258995020,16 | 20065697 14,60 0 ] 0 150000000 | 1708077457 15000000 | 281470 TE0T3 1249074
18| 20z 18781,0254 | 0,545238530 0676 | 0330761481 205230875 69 | 367801275282 o o 0 120000000 | 1770102747 10000000 | 352454 282,01 1160873
19| o2020| aosssodse| 0585872450 0,678 | -0.210127541 550568067 72 | 3703423566,07 0 o 0 120000000 | -3040886,858 10000000 | 337891 78247 10828, 26
20| 2080| 232330583 0,568356517 0,676 | 0307643483 £15626562,44 | 4133343038,21 0 0 0 120000000 | -3050390,515 -10000000 | 366877 -TEE.TD 10039,56
TOTAL | 4047594005 | 1543232528 | 14016 | 1416325262 | 2777205126046 | 241765451191 | 10 00 | -10 00 | 31 00 | -1410848536,78 | -280000000,00
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App=ndix A2
Option 1{high caze): Drilling from a ship to the subzsa

tamplates
NS
il price 105 USD/BEI 3062,58003 m*3
Gas price 2,8 NOE/Sm*3
ol price
developme
nt
Qas price
developme
nt 015
sxchangs
e B NCHISD
discount
Ete
CAPEX-40% OPEX-408%
Gas Gas Revenue from Froduction Subsea CillGas MNet Cash | PV cash Cumulative PV
YEAR YEAR Dl production production [ Injsction Gas Sals Rsvenue from Cil Gasg unit Pipsline Dirillest Fisklonshor | transporation C02 duty Flowr Flow Cash Flow
PROJECT [ CALENDER sm3 Gam3 Gem3 Gam3 MNOK NOK NOK MOK MOK NOK NOK MOk RNOK MNCIK RN
1 2011 1] 4] 1] 0 0,00 0,00 -180000000 -300000000 |  -180000000 0 0 0| -680,00 -628,57 -628,57
2 ama 0 4] 0 ] 0,00 0,00 -120000000 -£00000000 | 120000000 -12000000 ] o) -8s200 -F72,79 -1401,38
3 203 0 4] 0 ] 0,00 0,00 -120000000 -480000000 -£0000000 -2S000000 ] 0| -898.00 -601,23 -2002,59
4 2014 0 4] 0 1] 0,00 0,00 -111000000 500000000 240000000 -18000000 1] o[ -oeg00 797,20 -2799.79
0,27 265261
5 20115 235078,2552 T 0,878 | -0,803347383 1920785779,.81 -3307331865,02 0 0 o -120000000 | -13358720,02 -18000000 | -1862,50 -1307 .32 -4107,11
070191124
[ 2018 900268,318 L} 0,878 | -0174086754 8324053616,53 | -1127492027,20 ] 0 o -150000000 | 5147356515 -18000000 | 698702 521387 106,76
1,23028339
i 2017 693828,904 7 0,678 0,354 293387 T313967508,45 2638TIE043,18 0 o o -138000000 | 103053857 4 -12000000 | 969971 629340 BO0D, 16
1,32860588
8 2018 509581,8232 7 0,876 0,450805867 B17708253215 2859558218,15 0 1] o -168000000 | 1098570548 -12000000 | 974668 6596,94 14587, 10
1, 31779984
@ 2018 390104364 3 0,678 0,441799843 543800392814 A351T52144,57 0 1] 1] ~156000000 | -101807779.8 -12000000 | 9520,15 B136,77 20733,88
1,30857838
10 2020 311458,8068 5 0,876 0430576365 4993430318 85 ASTT3680624,35 | 30000000 1] 1] =120000000 | 8513712706 -12000000 | 9613,67 501,96 2663584
1,20798068
1 2021 257187 807 3 0,878 0,421%80683 AT41378321,90 S408T5I507,02 0 0 -21000000 -120000000 | 9051231344 -12000000 | 999483 5843,685 32470.48
1,28723508
12 2022 208678,7902 L} 0,876 0,411235068 4424114883 87 E180802753,82 0 1] 1] -132000000 | 85335687 44 -9000000 | 1035788 57ET BB 36247 .14
1,27402004
13 2023 170048,384 7 0,878 0,308030047 418782002230 BO5T330210,84 1] -&0000000 1] -108000000 | -2132430817 -9000000 | 10786,84 570080 43057,03
1,18056385
14 2024 112181,7502 2 0,878 0,304583852 8313887248,08 BOA011777 88 i} -£0000000 1] -108000000 | -81512928.82 -8000000 | 910057 4800,85 4855788
1,08771244
15 2025 877 01,0487 5 L} 0,878 0211712448 2827811982,53 A823808225,17 | 80000000 0 o 102000000 | 43072058 50 -8000000 | 743735 3577 40 52135,57
0,82107 264
18 2026 53051,2585 & 0,676 0005072646 1987181881,38 132610122,37 0 1] 1] -102000000 | -3018313,738 -9000000 | 198518 Q0042 5304478
0,58842370
17 2027 1810362965 1 0,876 | -0,287586209 FT10216845.36 | -2864012408 45 0 0 1] -S0000000 | -1024848,474 -0000000 | -7002,.85 2487 .26 4055753
0,545223852 -
18 2023 12761,0254 a 0,876 | -0,3307&1451 020018920,34 | -11461304730,23 0 0 ] 78000000 | -1062061,848 -B000000 | 10826,35 -441547 A45142,07
058587245 -
19 2029 323252428 a 0,876 | -0,310127541 1822087421 94 | -12358260164,01 0 0 o 78000000 | -18290931,035 -B000000 | 10821,12 -4203,14 40028,03
058835851 -
20 2030 32330,5831 T 0,878 | -0,207843483 20ETEEETIE0 | -14008184010,17 0 0 o -TE000000 | -1830234,200 -B000000 | 1208724 -4555 55 26323,38
15,4323252 - - -
TOTAL 4047594,005 ) 14,016 1416325282 | &1191211028,32 | -58T5252075,84 | 621000000 | 2 00 [ 8210000000 | -1914000000,0 | 84650912207 | -168000000,00
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Appendix A3

Option 1{low cass): Drilling fram a ship to the subssa templats

Qil price 45 USCVBE 169824807  NOK/Sm"3
Gas price 1.2 NOK/Sm* 3
oil price development 0,05
gas price development 0,05
sxchangs rats B NOK/USD
discount rate a1
[CAPEX+40% OPEX+40%
WEAR YEAR il production Gas Gas Injsction Gas Sale Rewsnus from | Rewsnus from | Production | Subssa Pipsline Dirill sa Fisldionshors CiliGas CO2 duty Mat Cazh [PV essh | Cumulative
production ail Gias unit transportation Flaw Flow PV Cash
Flow
PROJECT CALENDER =m3 Gamd Gem3 Gem3 MNOK MoK MK NOK, MNOK NOK, NOK NCK MMNOK MNOK MNOK
1 am1 ] o (i} o 0,00 0,00 -420000000) -7 00000000 -420000000 o [} 0] -1540,00 | -1400,00 =1400,00|
2 amz L] o o o 0,00 0,00 -280000000) 1400000000 - 280000000 -28000000 o o -1288,00 -1842 08 -3042,08
3 203 0 o [+] o 0,00 0,00 -280000000) -1120000000 -140000000 -84000000 [+] 0] -1824,00 | -1220,14] -4263,11
4 204 0 o [u] o 0,00 0,00 -25G000000) 1400000000 -580000000 42000000 [} 0] -2261,00 | -1544,20 5807 AD|
5 2015( Z35078,2552| 0,27 2652617 0,678 -0,603347323) 511460617 84 [ 024040368 55] 1} [} 1] 280000000 -31170387 72 -42000000( -F65,75 -47547 -B262 67
[] 2016  909266,316|0,701911248 0,878 -0,1740887 54 2089322867 94 -2?9954W.55| o [+] ] 350000000 -120104887 7 -42000000| 127726 720,08 -5581,89)
7 207 ©03888,0904)1,230203307 0,878 0,354223307| 1685812188870 598231688.53| o (i} [i] -322000000] -240450024 -28000000| 1885,80 854,87 -4F 07,03
a 20M8| 500531,0232| 1,328605887 0,678 0,450605887 1278610564,40( 7036001 00,55 1} [} 1] 302000000 -258586481,3 -28000000] 140094 &853,55 -4053 A7
] 2019 300104,364|1,317799843 0,678 0441720843 102774815288 S22451875,25) o [+] ] 364000000  -237084219,6 280000001 1221,11 517 87 -3535,60|
10 2020( 311458 8068) 1,30857 6365 0,678 0430576365 BE1661712,53( S41636232,92] -F0000C00 [i] [i] 280000000  -221986629,8 -28000000{ 1103,31 425,37 -3110,23)
" 2021 257187807 | 1,207060883 0,878 0,421080823) 747022507 47| 868035157 23 o [} -42000000 -280000000} -211105328 -28000000] 104486 388,22 -E744M
12 2022| 20B8ETE,7OG2|1,287225088 0,878 0,411235086) 638424830,18| S86224252 71 o o o -30.£000000 -200283224) -21000000( 223,37 318,52 -2427 A9
12 2023 170246,354| 1,27 4032047 0,678 0396039047  547421898,28( 90067 4383,99) o -140000000 0 -252000000  -1897 56707 4| -21000000] 845,34 244,86 -2182,63|
14 2024 118191,7502| 1,120563852 0,878 0,304583852) 30740005654 TRI8187 14,57 o 140000000 [i] -252000000(  -143528787 .5 -21000000] 584,50 148,85 -20133,98|
15 2025| BFF0N 046T5| 1,027712448 0,878 0211712446  3096318458,56| 528161964,68) -140000000| o o -238000000|  -100503858,7 -21000000( 23829 £0,08 -1952,99)
18 2026 53051,3585| 0,82107 2645 0,678 0,005072646)  196664808,91 13267 540,83 o [+] 0 -238000000(  -2132065,288 -21000000(  -58,19 -12,66 -1965,66)
17 2027 18103 ,820985| 0,588433791 0878 -0,287586200) TO486889,34 | -7O0928421 75 o (i} [i] 210000000} 2391308 44| -21000000| -853,.85 -188,71 -2154,37
12 2028 16781,0254| 0545238530 0,678 -0,330781481 TBETT 035,65 | G55220274,00) 1} [} 1] Aa2000000] 2475143845 -14000000| -1077,02 -193,71 -2248,08|
19 2020 32225,2428|0,56587 2459 0,678 -0310127541  138720242,01 [ -240412220,37 o [+] ] -182000000  -4269841,221 -14000000| -1001,98 163,83 -2511,31
20 2030 32330,5831| 0588358517 0878 -0,307643433 145680317 20| G70523808,27 o (i} [i] -182000000(  -4270548,722 -14000000] -1034,11 -153,71 -2885,63|
TOTAL 4047564,095(15,43232528 14,016 1,416325222) 1067 2053137,13 | 2100133218,77 | - 1449000000| -4000000000,00( -1445000000,00  -3466000000,00( -19751287051,49( -302000000,00|
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APPENDIX A.4
Option 2(base case): Drilling from a New Platform

Qil price USD/BbI
Gas price 2 NOK/Sm"3
oil price development a,1
gas price development 0,1
exchange rate 6 NOK/UJSD
discount rate 0,08
CAPEX OPEX
Cumulative
Gas Gas Revenue from Subsea QiliGas PY cash PV Cash
YEAR | YEAR Qil production production Injection Gas Bale Rsvenus from Gil Gas Production unit Pipsine Corillese Fisldionzhore transportation CO2 duty MNet Cash Flow | flow Flow
PROJ | GALEN MHOK
ECT | DER sm3 Gsm3 Gsm3 Gsm3 NOK NOK NOK NOK HOK NCK NOK NOK MMOK MNOK
1] zon o 0 0 0 0,00 0,00 -4000000000 | -500000000 500000000 0 0 0 -5000,00 42083 482988
2| 2012 o 0 0 0 0,00 0,00 -3000000000 | -100000000 200000000 20000000 0 0 -3320,00 -2848,38 TS
3| 203 o 0 0 ] 0,00 0,00 3000000000 | -B000CO000 300000000 -B0000000 0 0 -4160,00 -3302,34 Jlomrass
4] 2014 i 0 i 0 0,00 0,00 500000000 | -500000000 400000000 -30000000 0 i -1520,00 117,25 J11eesss
5| 2015 | 235078,2552 | 0272852817 0,876 | -0,603347923 | 1075686011,22 | -1043303088.07 0 i i 400000000 -2208454837 | 30000000 -1310,87 808,35 1aeass
6| 2016 | 000265316 | 0701211248 0,876 | -0,174086754 | 455020111500 |  -B18817604.62 0 i i -450000000 -85780276.02 | 20000000 3376.68 212788 108880
7| 2017 | e93seso04 | 1,230002307 0,576 | 0354293997 | 362725826786 | 138083520254 0 i i -430000000 1717564457 | -20000000 458835 2676,08 7eaass
8| 2018 | 500501,0232 | 1,326805867 0876 | 0450605867 | 3001819463,13 | 103182738871 0 i i 480000000 -183261758,1 20000000 434030 234408 S
9| 2019 | 390104364 | 1,317799843 0576 | 0441799843 | 260354407632 | 208348184074 0 i i -480000000 -189246299,7 | -20000000 4037 88 2019.85 ssesa
10| 2020 | 3114888068 | 1308576365 0876 | 0430576965 | 2086753783,00 | 203360840085 500000000 i i -400000000 -158561878,4 | -20000000 3441 80 1504,22 e
11| 2021 | 257187607 | 1297960683 0576 | 0421980623 | 207691950473 | 240780815014 0 i -1 0000000 400000000 -150853855.7 | -20000000 3908.87 167430 e
12| 2022 | 2088787902 | 1.087035066 0876 | 0411235066 | 1685368740042 | 258126004808 i i i -420000000 1430504457 | 15000000 3858.90 1531 83 e
13| 2023 | 170948384 | 1,274039047 0,576 | 0398030047 | 167037866796 | 274577748494 0| -100000000 i -400000000 -135540505,3 | 15000000 376812 138553 se0se
14| 2024 | 1181917502 | 1,180562852 0876 | 0304583852 | 127038365780 | 231316144554 0| -100000000 0 -400000000 -102520548,2 | 15000000 208802 100082 87055
15| 2025 | B7701,04675 | 1.087712446 0576 | 0211712446 |  1036919791,22 | 1768750857 57 0 i i 430000000 7178832765 | -15000000 2288,88 721,55 s
16| 2025 | 53051,3585 | 0881072646 0,876 | 0005072646 BBO0B0004.71 4861734538 0 i i 380000000 -8507160,563 | 15000000 435,08 7 80 doma
17| 2027 | 18103,62065 | 0588433791 0,576 | -0,287586209 258095020,16 | -2008938714,80 0 i i 350000000 1708077 457 | -15000000 -301470 81478 s
18| 2028 | 18781,0254 | 0,545038530 0,876 | -0,330781481 205230675,60 | BETE01275282 0 i i 200000000 1770102747 | 10000000 -3504,54 800,58 26740
10| 2020 | 323252428 | 0565872450 0,876 | -0,310127541 550568067 72 | -3703423868,07 0 i i 300000000 -3049866 658 | 10000000 -3548,01 821,88 185858
20 | 2080 | 32330,5831 | 0568356517 0,876 | -0,307643423 61562856244 | 4139342303821 0 i i -310000000 -3050300,515 | 10000000 384677 825,32 102822
TOTAL | 4047594,08 | 1543232528 14,016 | 1416325282 | 2777205126046 |  2417654511,91 11000000000 | -2 -1 0 | 63200000000 | -1410848536,78 | -280000000,
Technical Report Experts in Teamwork 78




APPENDI

Option 2 (high case): Drilling from

X A5

a New Platform

Oil price 105 USDVBbl 3862,58093

Gas price 2,8 NOK/Sm*3

il price development 0,15

gas price development 0,15

exchange rate B NOK/USD

discount rate 0,05

CAPEX-40%: OPEX-40%
Cumulative
Gas Gas Revenue from Resvenus from Production QilGas Met Cazh | PV cash PV Cash

YEAR YEAR Qil production preduction | Injection Gz Sale il Gas unit Subssa Pipsling Drillex Figldionshors transportation CO2 duty Flow Flow Flow

PROJECT | CALENDER ami Gsm3 Gam3 Gam3 NCK NICK MOK NICK MNOK NOK MNOK NOK MMOK MHNOK MNOK. |
1 201 Q 00 0,00 -2400000000 -300000000 -300000000 1] 0] -3000,00 -2857,14 -2857,14
2 20§z [i] 00 0,00 -1800000000 -80000000 -120000000 -12000001 1] 0] -1992,00 -1808,80 -4883,05 |
3 2013 0 00 0,00 -1800000000 -480000000 -180000000 -3600000 1] 0| -2496,00 -2156,14 -6820,08
4 2014 0 00 0,00 -300000000 -300000000 -224000000 -1 BOO000 0 0] -912,00 -750,30 -7570,39
s 2015 235978,2552 | 0272652617 0,871 -0E03247283 | 1GB0TBETTY. 81 [ -32070G 1865 092 [] [] -240000000 -13358729,02 -18000000 | -1788,50 -1401,34 -8E7 1,7
] 2016 000266,518 | 0.701911248 0,87 -0TA0SETS4 | 8334053616,53 | -1127498027,20 [i] [i] 270000000 -514735686,15 -12000000 | 887,08 5124,22 -3847 4
T 2017 G93888,994 | 1,230203307 0,571 Q354295387 | TI13967508,45 26387969435, 16 0 0 -258000000 -103053667.4 -12000000 | 957971 £8608,12 2H60,7
& 2018 509501.5232 | 1.3088 05867 0.87 0, AS0E05887 | 817708253215 3250558216.15 [i] [i] -282000000 -109057054.8 -12000000 | 9826.68 851572 478,43
9 2019 390104,364 | 1317709843 0,876 Q4417290843 | 5438003928,14 43517 52144,57 0 ] ] -27 8000000 -101607779.8 -12000000 | 9400,15 059,42 15535,85
10 2020 911488,80688 | 13085783685 0,876 0430576285 | 4903430318,85 43778022495 | -300000000 [i] [i] 240000000 -05157127 .08 -12000000 | 922367 5862,54 21198,30
1 2021 257187607 | 1,207 960882 0,876 0421980883 | 4741376321,90 54087 53507,92 0 [1] -E000000 -240000000 -00512313,44 -12000000 0820,62 5782,25 28980,64
12 2022 208ETE, 7992 | 1,287 235066 0,876 Q411230066 | 4424114383 87 B1808027 53,82 [i] [i] [i] -252000000 -BSBAGEAT 44 -2000000 | 10237 28 570084 32681,48
12 2023 170946,384 | 1,274039047 0,876 0208030047 | 4167220922,39 BR57330210,84 0 -S0000000 ] -240000000 -81324303,17 -9000000 | 1063424 $539.88 38321,38
14 2024 1181917502 | 1,180563852 0,876 0304585852 | 3313267248,08 BOG401 177768 0 -80000000 [i] 240000000 -61512328,02 -@000000 | BOFT .87 453418 A2855,54
15 2025 BY701,04675 | 1,087712448 0,876 0211712446 | 2827211962 52 482380822517 1] 1] 1] -252000000 43072906 59 -9000000 | 7341,35 531,21 45388,25
18 2028 53051,3585 | 0881072846 0,876 Q005072846 | 1967 161881,38 13201 0122,37 0 [i] [i] -223000000 -3916313,738 -000000 1850,18 &51,70 47238,58
17 2027 1810362065 | 0582433701 0,876 -0,267 556200 TT1981846 36 | -BE54212496 45 0 1] 1] 210000000 -1024846 474 -9000000 | -2112,88 -3520,61 43808,095
18 2028 187610254 | 0.545238539 0876 | -0330761481 Q20016380,34 | -11481304730,23 0 [i] [i] 120000000 -1082081,648 -8000000 | -10888,35 -4432 .03 202686,00
19 2029 32325,2428 | 0565872459 0876 | -0,210127541 1822967421,94 | -12358260164,91 o 0 0 -180000000 -1820931,995 -8000000 | -10723,12 -4243,50 38022,52
20 2030 92330,56831 | 05828358517 0876 | -0307843483 | 2006758873,60 | 1400818401017 0 [i] [i] -18&000000 -1830234,308 -8000000 | 1219524 -A508,08 A0428,27

TOTAL 4047504,005 | 1543232528 | 14,018 1416325282 | 61191211026,32 |  -5275258075,84 | 6600000000 -1260000000,00 | -S00000000,00 [ -37S2000000,00 546500122,07 | -1628000000,00
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APPENDIX A6

Option 2 {low case): Diilling from a Mew Platform

Qil price 45 UsSD/BbI 169824897
Gas prica 1,2 NOK/Sm*2
oil price development 0,05
gas price development 0,05
axchange rate [ NOK/USD
discount rate [«R
CAPEX+40% COPEX+40%
FY Cumulative
Gas Gas Revenus from Dil'Gas MNet Cash | cash PV Cash
YWEAR | YEAR Ol preduction procuction Injection Gas Sals Revenue from Oil Gas Production unit Subszza Pipsline Dol Figld onshore transportation CO2 cuty Flow Flow Flow
PRCU [ GALEMN MMOK
ECT DER am3 Gam3 Gem3 Gem3 MNICH HOK NOK MOK MoK MNOK MoK NOK MO MMNCK
- -B353,64
B363,6
1 2011 [i] [i] [i] 1] 0,00 0,00 -5800000000 ~700000000 -7 00000000 1] i} 0| -F000,00 4
- -10204 98
3841,3
2 2m2 [i] [i] [i] 1] 0,00 0,00 -4200000000 140000000 -2B0000000 -28000000 0 0| -4648,00 2
- -14580 62
4375,6
3 2mM3 [i] [i] [i] 1] 0,00 0,00 -4200000000 -1120000000 -420000000 -84000000 0 0| -5824,00 ]
- -18034 07
14534
4 2014 [i] [i] [i] 1] 0,00 0,00 -F 00000000 ~700000000 -BEE000000 -42000000 0 0] -2128,00 5
-16883 40
5 2015 | 235076,2552 | 0272652617 0,878 | 0802347383 S11469517 64 | -024049368,55 4] 0 0 -580000000 -3NT036ET 72 -42000000 | 104575 [ 849,33
18120 A7
] 28 Q00286318 | 0701011248 0878 | 0174088754 20BO302867 04 | -270054608 55 [i] i} i} -B30000000 -120104987 7 -42000000 | 90728 562,93
-15409,29
7 2017 £03868,004 | 1,230293397 0,878 | 03542033097 165212186870 | S98231666,50 4] 1] [t} -602000000 -240452024 -28000000 | 138589 T11.18 '
-14288 58
& 2018 | 500521,0232 | 1,326605867 0,876 | 0450805867 1278810564,40 | 70200010955 4] 0 0 -67 2000000 -258568461,3 -28000000 | 112094 522,93
-14487 23
9 29 300104384 | 1317790843 0E768 | 0441709843 1027746153,68 | BR2451875,25 [i] 0 1] -644000000 -237084819.6 -28000000 | 941,11 309,12
1441270
10 2020 | 3114288088 | 1,308576365 0878 | 0430576365 S61661712,53 | B41636232,82 -7 00000000 0 0 -580000000 -221986629,8 -28000000 193,31 7452
-14132 36
" 2021 257167 ,807 | 1207080583 0878 | 0421960889 TATO22507 47 | BEE035157 .23 [i] i} 14000000 -Se0000000 -211195308 -28000000 | 790,88 280,35
-13905,06
12 2022 | 20B6T6,7992 | 1,287235068 0,878 | 0411235966 5364245830,18 | BEE224B5273 4] 1] [t} -S85000000 -200283224 -21000000 | F1847 227,30 '
15740 41
13 2023 170048,384 | 1274030047 0,878 | 0302030047 547421808,26 | 00067 4383,90 ] 140000000 1] -5E0000000 -120756707 .4 -21000000 | 537,34 155,85
-13681,86
14 2024 | 118191,7582 | 1180563852 0878 | 0304563852 BOT400056 54 | T2IE18714.57 [i] 140000000 1] -SE0000000 -143528767.5 -21000000 | 256,50 67,54 '
-13854 50
1% 2025 | 8FTO10METS | 1087712448 0878 | 0211712446 S09E31646,56 | 52816106468 4] 0 0 -602000000 -1005036587 -21000000 114,29 27,36
-13731,15
18 2028 53051,3585 | 0821072648 0878 | 0005072846 108884808,01 1328754085 [i] i} i} -532000000 -0138085,388 -21000000 | 852,19 -78,85
-13975,26
17 2027 | 18102,62065 | 05288433791 0,878 | 0267566200 TO4EE860,34 | -FO00258421 75 4] 1] [t} -420000000 -2301308,44 -21000000 | -1233,65 | -244,11 )
-14188 80
18 2028 16761,0254 | 0545238530 0,878 | 0330761461 TEBTT035,65 | -055220274,00 ] 1] 1] -280000000 -2476143,845 14000000 | 117502 | 211,34
-14289,34
19 2029 32335,2438 | 0565872450 0878 | 0310127541 13872024201 | -940412220,37 [i] 0 1] -4 20000000 -4269841,321 -14000000 | -1230,06 | 202,74 '
-14580,51
20 2030 32320,5821 | 0588358517 0,876 | 0,2307843463 145860317 ,20 | -070523608 27 4] 0 0 -424000000 -4270546,722 14000000 | -1286,11 | 191,17
TOTAL 4047554,095 | 15,43232528 14,016 | 1,4163252682 | 1067305313713 | 210913381877 ( -1 0 -29 0 - 0 Ba -1675167951,49 | -202000000,0
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Appendix B.1 WI case 11, WWCT producer wells

T WWCTF-1vs, DATE (CASET1) T WWCTIWZWE vs, DATE (CASET1) — WWCT.G-dH vs. DATE (CASET1)
WAWCT:F-2_ML vs, DATE (CASE1T) — WMCTWEWT vs. DATE (CASET1) WAWCTAE-B vs, DATE (CASETT)
— WAWVCT:F-dATIH vs, DATE (CASE1T) WAWCT:G-2_ML vs, DATE (CASET1) — WAVCTWAWS vs, DATE (CASET1)
1.00 T
g 0,75 —
=
§
g
i
5
£
<
g 0.50
5
Z
.
1
5
%
T
£
N
&
g 0.25
z
3
i
1
5
]
I
S
£ 0.0 I I I I I
1/1/16 1/1/18 1/1,/20 1/1/32 171,24 1/1,/28 1/1/28 1/1/30
DATE
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AppendixB.2 WI case 11, BHP producer wells

WEBHPW2W3 ws. DATE (CASET1)
WEBHPF-Z_ML s, DATE (CASETT)
— WEBHPF-1 ws. DATE [(CASETT)

500

160 —

WEHPF—1.WEBHP:F—2_ML WBHP:F — 45T 3H, WEHP:G— 2 _ ML WEHP "W —E— & WEHP:W2ZW3 WEHP WAWE, WBH Prwi8\W7 WBHP:G—4H  BAREA

— WBHP:F-4AT3H ws. DATE [CASETT)

— WEBHPWAWS ws, DATE (CASETT)
WEHPWEWY ws, DATE (CASETT)

WEBHP:G-2_ML ws. DATE {CASETT)
T WEBHPW-5-6 vs, DATE (CASETT)
— WEBHP:G-4H vs. DATE (CASETT)

[ I
1/1/16 1/1/18

I
1/1/20

DATE

[
1/1/22

[
1/1/24

[
1/1/26

[
1/1/28

1/1/30
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AppendixB.3 WI case 11, WGOR producer wells

— WGEORF-1ws. DATE (CASE1T)
WEORF-2_ML ws, DATE (CASETT)
= WEORF-4ATIH vs. DATE [CASETT)

8000

7000 —

600D —

506D

4000

3000

20060

1000

WGORF—1 WGOR: F— 2 _ML WEOR:F —4AT3H, WE0R-G—2 ML, WGOR:G—4H, WEOR:W—E5— B WGOR: W2, WEORW4WS, WEORMWENT  SM3ASMI

— WEORMZWI ws. DATE {CASETT) — WGEOR:G-4H vs. DATE (CASE11)
— WGEORMWEWY vs, DATE (CASETT) WEORMW-5-6 vs, DATE (CASETT)
WERORG-2_ML vs, DATE (CASETT) WEORMAWS vs, DATE (CASETT)

[ I
1/1/16 1/1/18

I
1/1/20

DATE

[ [ [ [ [
1/1/22 1/1/24 1/1/26 1/1/28 1/1/30
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Appendix B.4 W1 case 11, WOPR producer wells

WOPRIF-1 ws, DATE [CASETT)
— WOPRIF-2_ML ws. DATE (CASE11)
WOPRIF-4AT3H vs, DATE (CASETT)

1400

1200 —

1000 —

B0 —

oo

400 —

WOPRW2W3 vs, DATE [CASETT)
T WOPR:G-2_ML vs. DATE (CASE11)
WOPR:G-dH vs, DATE {CASETT)

200 —

WOPR:F—1, WOPR:F—2_ ML WOPR:F—4A8T3H, WOPR G—2 _MLWOPR:G—4H WOPR-W—5—GWOPRN2WI WOPRAN 4N, WOPRMEWT  SM3/Day

— WOPRW-5-6 vs. DATE (CASETT)
— WOPRMAWS vs. DATE (CASETT)
— WOPRMEWT vs, DATE (TASETT)

1/1/16 1/1/18

1/1/20

DATE

[
141422

[
1/1/24

[
1/1/26

[
1/1/25

1/1/30
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AppendixC.1 WAG case 6, WWCT producer wells

— WMWYCT:F-1 ws, DATE (WAGCASEB) — WWCTAMW2WI ws, DATE (WAGCASER) — WAWCT:G-4H vs. DATE (WAGCASEB)
WAWWCTF-2_ML ws, DATE (WAGCASER) T WWETWEWT vs, DATE (WAGCASER) WAWCTW-5-6 vs, DATE (WAGCASER)
— WWOTIF-4ATIH vs, DATE (WAGCASER) WAWCT.G-2_ML vs, DATE (WAGCASER) — WAWOTMWAWS ws, DATE (WARCASER)
1.00 =]

_ ( J l ANV AVAVA
1 ﬂl‘{‘{‘f‘f‘t‘(‘(‘(‘f‘(‘(‘ﬁﬁﬁ (T IALARAR

ML NWCTIG— 4 HWWET W—E— 5 WWCTW2W S, WWCTWAWE WWCTIWEWT  dimansieniees:

ML WHC TP —4aTIH WHCTIG—2.

WWET!F— 1, WWCT:F—2.

[ I I [ [ [ [ |
1/1/16 1/1/18 1/1/20 1/1/22 1/1/24 1/1/26 1/1/28 1/1/30

DATE
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Appendix C.2 WAG case 6, WBHP producer wells

— WBHPF-1 ws, DATE (WAGCASER)
WEBHPF-2_ML vs. DATE (WAGCASEB)
— WBHPF-4AT3H vs, DATE (WAGCASER)

300

WEHPF—1.WBHP:F—2_MLWBHP:F —4AT3H, WEBHP 'G— 2 _ MLWEHP" G—4H WEHP:¥ —5— E WBHP:W2ZW3 WEHP WAWE, WBHPMWEWT  BAREA

— WEBHPW2ZW3 vs, DATE (WAGCASER)
— WBHPWBWY ws. DATE (WAGCASER)
WEBHP.G-2_ML vs, DATE (WAGCASER)

— WBHP:G-9H vs, DATE (WAGCASER)
WEBHPW-5-6 vs. DATE (WAGCASEB)
WEBHPWAWS ws, DATE (WAGCASER)

[ I
1/1/16 1/1/18

I
1/1/20

DATE

[ [ [ [
141422 1/1/24 1/1/26 1/1/25

|
1/1/30

Technical Report Experts in Teamwork

86




AppendixC.3 WAG case 6, WGOR producer wells

120000

100000

3a0a0o

60000

40000

20000

WEOR:F—1 WGOR: F— 2 ML WEOR:F —4AT3H, WE0R-G—2 ML, WEOR:G—4H, WG OR:YW—5— B WGOR: W23, WEOR4 WS, WEORWENT 53 SM3

— WGEORF-1 ws. DATE (WAGCASEB)
WEORF-2_ML vs, DATE (WAGCASER)
— WEORF-4ATIH vs, DATE (WAGCASER)

— WEORMZ2W3I ws, DATE (WAGCASER)
— WEORMWEWT vs, DATE (WAGCASER)
WEORG-2_ML vs, DATE (WAGCASES)

— WGEOR:G-4H vs. DATE (WAGCASEB)
WEORMW-3-6 vs, DATE (WAGCASER)
WEORMWAWS vs, DATE (WARCASER)
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AppendixC.4 WAG case 6, WOPR producer wells

WOPRIF-1 vs. DATE (WAGCASEE) WOPRMWEW vs. DATE (WAGCASEE) — WOPRMW-5-6 us. DATE [WAGCASEE)
—— WOPRIF-2_ML s, DATE (WAGSCASER) — WOPRWEWT vs. DATE (WASCASER) WOPRIG-dH vs. DATE (WAGCASER)
WOPR:F-4AT3H vs, DATE (WAGCASEE) — WOPR:G-2_ML vs. DATE (WAGCASES) — WOPRWAWS vs. DATE (WAGCASER)
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