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ABSTRACT 
 

Background: The Norne field is located 80 km north of the Heidrun field in the Norwegian Sea 
discovered in December 1991.  
Aim: The feasibility of using CO2 flooding as a method of enhanced oil recovery in a segment of 
the Norne field was analysed.  
Methods: A numerical simulation using a black oil simulator approach was taken. For this study, a 
synthetic reservoir model, with fluid and rock properties from Norne field E-Segment was used to 
test the effect of CO2 flooding on recovery factor.  
Results: The key findings are as follows: (1) The oil recovery of the base case after 7 years of 
water flooding was 40% (2) The recovery factor obtained after 15 years of continuous CO2 injection 
was 32%.  
Conclusion: This study indicates that there is a feasibility of carrying out CO2-EOR in the Norne 
field based on initial CO2-EOR screening and simulation. 
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1. INTRODUCTION 

 
Owing to the growing energy demands globally, 
especially in the BRICS (Brazil, Russia, India, 
China and South Africa) nations, there is a need 
to increase the production from oil fields and also 
explore marginal fields. It is in this vein that 
tertiary methods of enhanced oil recovery are 
implemented. One of such methods is CO2 
Enhanced oil recovery (EOR) which combines 
the advantage of the additional recovery of oil 
and reduction of levels of emission of Green 
House Gases (GHGs) in the atmosphere [1,2]. 
According to a publication by ENI (2013), the 
current recovery rates from oilfields worldwide is 
30-35% of which it ranges from an average of 
10% from extra heavy oils to 50% average of 
most advanced fields in the North Sea. With 
declining production rates in the North Sea, there 
is a need to explore methods or techniques to 
increase the recovery and so the need for 
enhanced oil recovery. A study by Hart energy, 
2012 indicates that the North Sea oil and gas 
production has declined at an annual average 
growth rate (AAGR) of 7.7% between 2006 and 
2011, from 2,599 MMboe to 1,772 MMboe. In 
another global data forecast, the survey stated 
that production rates will drop from 1,702MMboe 
in 2012 to 1,447 MMboe in 2050 representing a 
decrease in production rates leading to a 
negative AAGR of 2%. Similarly, according to 
EELR Report, for the European countries the 
three key issues are that are the driving forces to 
implementing CO2 EOR include; 
 

 Reduction in the oil production rate from 
the North Sea Continental Shelf (NSCS). 

 Growth in dependence upon energy 
imports. 

 An increasing drive to reducing CO2-
emissions on account of climate change. 

 

Increasing energy needs and depleting 
resources have generated interest in the area of 
enhanced oil recovery. Many EOR methods are 
currently in use and CO2 is of great interest as it 
reduces the emission of greenhouse gases 
greatly and allows companies to earn carbon 
credits.  
 

1.1 Study Area - Norne Field 
 
The Norne field is the largest discovery on the 
Norwegian continental shelf in more than a 
decade with recoverable oil reserves of 450 

Million bbl [3]. Natural gas has also been 
exported from Norne since 2001. er 1997. It 
consists of two separate oil components, the 
Norne main structure (C, D and E segment) and 
the Northeast segment (G segment). 98 
percent% of oil in place is situated at the Norne 
main structure [4]. The field is located 80km 
north of the Heidrun field in the Norwegian Sea 
discovered in December 1991. Fig. 1 shows the 
location of the field. Development drilling began 
in August 1996 and subsequently, production 
began in November of the same year. The Norne 
oilfield has a water depth in the area of between 
370 – 390 metres [5]. It has an estimated 
recoverable reserve of 90.8 million sm

3
 of oil, 

12.0 billion sm
3
 gas and 1.6 million tonne NGL [6].  

 

1.2 Geology 
 
This field lies within the licence blocks 6608/10 
and 6608/11 [7] which is on a horst block 
approximately 9 km×3 km [8]. The field is located 
at the Revfallet fault Complex. The Nordland 
area which houses the Norne field has been 
exposed to two episodes of rifting which occurred 
during two different periods; in the Permian and 
Late Jurassic to Early Cretaceous. During the 
period of the first rifting a wide range of area was 
affected by faulting. Normal faults trending in 
NNE-SSW directions were common from this 
period. According to Verlo and Hertland [8], 
during the second rifting period, four phases 
occurred ranging from late Bathonian to early 
Albian. The tectonic activity was limited between 
the two rifting periods although during the mid 
and late Triassic some faulting occurred. 
Subsidence and transgression dominated this 
period. Unconformities occurred in the Tilje, Tofte 
formations and within Ile formation possibly due 
to the tectonic activity [9]. Most of the structural 
development affecting the Norne reservoir took 
place during the first rifting period causing the 
reservoir to be buried deeper allowing the 
formation of oil and gas and subsequently 
leading to accumulation within the reservoir. 
 
Steffensen and Karstad [5] in their study reported 
that the Norne field reservoir is divided into four 
different formations: Ile, Garn, Tofte and Tilje 
(see Fig. 2). The reservoir rocks are made up of 
lower to middle Jurassic sandstones [8]. The 
reservoir rocks are buried at a depth of between 
2500-2700 metres and have been affected by 
diagenesis. Porosity ranges from 20-30 per cent 
while permeability varies from 20 to 2500 MD [10].
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Fig. 1. Location of the Norne field in the Norwegian continental shelf 
 

 
 

Fig. 2. A cross-section of the Norne field reservoir adapted from (Alabay, 2012) 
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The Spekk formation is believed to be the source 
rock. The caprock which seals the reservoir and 
keeps the oil and gas in place is the Melke 
Formation. The Not Formation behaves as a 
sealing layer, preventing communication 
between the Garn and Ile Formations.  The 
reservoir thickness within the Norne varies as a 
result of erosion. The reservoir thickness, from 
Top Åre to Top Garn Formations, is in the range 
of 260 m in the southern parts to 120 m in the 
northern parts [7]. Fig. 2 shows the geological 
zonation of the Norne reservoir. Presently, the 
reservoir–zonation has been altered. In the 
present zonation, the Ile and Tofte zones have 
been subdivided and the Tilje formation made 
further simple. 

 
2. METHODOLOGY 
 
2.1 Simulation  
 
Oil recovery behaviour of the Norne field was 
examined using a simple synthetic but realistic 
3D model of the Norne field which had a single 
producer and 4 injectors with available reservoir 
and field properties from the Norne field (Table 
1). Continuous CO2 injection for 15 years was 
tested and summarised as follows;  
 

Table 1. Summary of reservoir and field 
properties 

 

Field input data Units Norne main 
Structure 

Oil Viscosity Pas 6×10
-4

 
Reservoir Temperature °C 98.3 
Reservoir Pressure Bar 273.2 
Depth m 2456 
Gas/Oil Ratio Sm

3
 111 

Oil Formation Factor Rm
3
/Sm

3
 1.3185 

Bubble Point Bar 251 
Oil Gravity API 42 

 

For this scenario, it was simulated using the 
same injection rate and bottom hole pressure               
for the first 5, 10 and 15 years. Changes in the 
effect of CO2 injection in the synthetic model 
have been observed through changes in oil 
saturation and gas saturations. The saturation 
maps below show that there has been a 
measurable decrease in oil saturation during the 
15 years of continuous CO2 injection. The results 
for the oil production, recovery factor and 
reservoir pressure were obtained using the 
OFFICE option in ECLIPSE by loading the 
vectors from the summary section of the 
simulation run. 

3. RESULTS AND DISCUSSION 
 
3.1 Base Case Result 
 
3.1.1 Reservoir pressure 
 
Fig. 3, gives a plot of reservoir pressure against 
production time. The reservoir pressure at the 
beginning of production in 1998 was about 270 
bars. In the curve, there was a sudden decline in 
pressure to about 235 bar after about 500 days 
(the year 1999) of production. Donaldson et al. 
[11] stated that at the early stage of a reservoir, 
the natural drive of the reservoir moves the oil to 
the production well but with time there is a 
decline in the pressure leading to a reduction in 
the production rate which accounts for the  
abrupt pressure decrease. There is a linear 
relationship in pressure decline and cumulative 
production rates, provided the reservoir is highly 
permeable and has a constant volume, therefore 
it was expected that the production rates will be 
affected as proposed by Donaldson et al. [11]. 
However, Hales [12] stated that due to the influx 
of water during pressure decline most reservoirs 
do not have a constant volume. But it will be  
noticed that the production rate was not affected 
which could be due to the influx of water into the 
reservoir as proposed by Hales [12]. The                     
field pressure is still in the undersaturated               
region since the pressure is above the bubble 
point pressure which is 251 bars. There was a 
slow pressure decline in 2002, The steady 
increase in the reservoir pressure can be 
attributed to the use of water flooding in the                
field as well as a gas injection in some wells [13]. 
This trend shows a correlation between                  
water flooding and pressure maintenance, with 
more water flooded into the reservoir the 
pressure was maintained but it is noticed in the 
plots of field oil recovery that there was no 
improvement in the recovery factor indicating  
that a tertiary method of oil recovery was 
needed. 

 
3.1.2 Water in place and water cut 
 

The water cut is one of the important data used 
for the estimation of the productivity of a 
reservoir. Though this may vary from one 
reservoir to the other in terms of value. In the 
North Sea, average water cuts in the range of 
30-45% are acceptable, while in the US water 
cuts of between 90-95% is acceptable. From 
Figs. 4-8, there was a very low water cut at the 
beginning of production in 1997 but after about 
1000 days of production, the water cut increased 
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significantly which was at its peak in 2004 with a 
water production of 5×10

8 
sm

3
/day. 

 
The high-water cut may be attributed to 
premature water breakthrough as water injected 
enters through the fractures reducing the sweep 
efficiency. There is uniformity in the trend of 
increase in water injection in the field and the 
increase in the water cut. The water cut (30%) 
was at its peak after 1800 days of production but 
slowly declined thereafter with an increase in the 
amount of water being injected into the reservoir 
(Fig. 4). As of 2004; there was a steady increase 
in the water cut with a decline in the water 
production rate. The high-water cut may be 
attributed to the heterogeneity of the reservoir 

which causes a non-uniform sweeping of 
hydrocarbons which may be the reason for the 
low recovery in the field. Fig. 5 and Fig. 6 show 
the injection rates and water production rates for 
the two active injectors in the segment. From the 
plots, it is noticed that most of the water was 
injected in the well F-3H was at a higher rate 
compared to Well F-1H which could have been 
the reason for higher water production from the 
well between the year 2000-2003. Fig. 4 shows 
instability in the water cut, the water cut shows 
some fluctuations with the water cut being the 
highest in 2004. The blue spikes show the water 
cut while the yellow shows the water production 
rate. 

 

 
 

Fig. 3. Graphical representation of field pressure from 1997 to 2004 
 

 
 

Fig. 4. Graphical representation of field water production profile and field water cut 
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Fig. 5. Water injection rate for wells F-1H and F-3H 
 

 
 

Fig. 6. Water production rates for Well F-1H and F-3H 
 

3.1.3 Production rates 
 
From the results of the simulation in Fig. 7, Oil 
production rate peaked in 2001 at 9000 Sm

3
/day 

while there was an abrupt decline in 2004 to 
1800 Sm3/day. The gas production rate was at 
its peak in 2000 at 2×10

6 
m

3
/day with a decrease 

to 5×10
5 
m

3
/day in 2004. The high gas production 

rates in the year 2000 could be attributed to the 
short period of gas injection into the Garn 

formation which was subsequently stopped due 
to the pressure build-up in the Garn formation 
leading to the abrupt increase in the pressure 
profile in 2000 as mentioned by Alkasim et al. 
[13,14]. This was as a result of lack of connection 
between garn and Ile formation as reported by 
Àwan et al. [15]. Both high oil and water 
productions are initially recorded as well as their 
cumulative. From the simulation of oil production 
rates, it was noticed that the gas production had 
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a similar trend with observed data (Fig.  7) but 
the first peak of production is observed in the 
field upon initiation of water injection after 300 
days of production. The gradual decrease in 
production rates for both gas and oil in the field 
although there has been being a steady increase 
in the field oil recovery rates from 0-40% for 
about 3000 days of production (Fig. 7) which is 
lower than the average recovery rates in the 
North Sea as reported by [16]. The recovery rate 

can be increased using a tertiary oil recovery 
technique since following water injection and a 
subsequent short period of gas injection there 
was a steady decrease in the gas and oil 
production rates from Fig. 3. From Fig. 8, it is 
noticed that most of the oil production was from 
well E-3AH between 2001- 2005. The peak of 
production for the well was in 2001 but after that 
period the production rates were similar with well 
E-2H. 

 

 
 

Fig. 7. Field gas production rate and oil production rate 
 

 
 

Fig. 8. Oil production from Well E-2H and E-3AH 
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Fig. 9. Field recovery rate for 1997-2006 
 

 
 

Fig. 10. Oil saturation a year of CO2 injection into a heterogeneous reservoir (Warm colours 
represent high oil saturation while the cold colours represent low oil saturation) 

 
3.2 Results of Simulation Using the 

Synthetic Model 
 

In this section, the CO2 injection and production 
responses for different injection periods are 
discussed separately. The names designated for 
the injector and producer wells are I1, I2, I3, I4 
and P1. Fig. 10 shows the initial oil saturation of 
the reservoir after a year of CO2 injection. The 
recovery factor, field oil production and           
reservoir pressure were constant at the 
beginning of the simulation period in 2008. The 
reservoir remained oil-saturated from Fig. 10. 
during the first year of injection, the oil saturation 
in most regions of the reservoir was 0.99 

approximately unity indicating it was oil 
saturated. 
 
Fig. 11 summarises the performance of 5years of 
continuous CO2 injection. For this simulation, the 
production well operates at a fixed bottom hole 
pressure of 300bars. Injection rates of CO2 are 
20000 m

3
/day. The miscibility of CO2 in the liquid 

phase is important due to its effects on oil 
recovery. All the injectors are assigned with an 
equal amount of CO2 during the simulation 
period. The recovery from the continuous 
injection with CO2 is shown in two different ways: 
field total oil production and field oil efficiency. 
The results show that the recovery is about 
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15.5% for the first 1600 days with a cumulative 
oil production of 4×10

6 
Sm

3
. The field pressure 

has been altered by CO2 injection in the first5 
years. There is a gradual increase in the field 
pressure from 270 bars to about 299 bars.             
Fig. 12 shows a slight variation in the oil 
saturation, with the saturation changing from 
0.99 in most of the reservoir during the first year 
to 0.546 indicating that there is a considerable 
difference in the oil saturation after the 1600 
days of continuous CO2 injection, the oil bank 
has moved towards the producer well. The oil 
recovery and total production profiles (Fig. 11) 
indicate that there is a significant amount of oil 
recovered during the first 1600 days of injection. 
There is a depletion of the oil bank as the 
saturation of gas increases in the reservoir with 
the migration of the gas upwards due to 
buoyancy forces. 

Summary of 10 years of continuous CO2 injection 
is shown in Fig. 13, it is important to note the 
increase in pressure; the pressure has increased 
to above 300bars. The results of the oil recovery 
and oil production show a slight variation with an 
increase of 20% and 6× 10

6 
Sm

3
 respectively. 

The increase in reservoir pressure effects on the 
recovery factor where more oil production is 
achieved with the reservoir pressure being 
maintained. Hategan and Hawkes [17] in their 
research concluded that reservoir pressure was 
one of the parameters that effects on the 
production. Thus, accounting for the decrease in 
oil saturation, due to increase in oil produced 
during the 10 years of continuous CO2 injection 
as seen in Fig. 14. In Fig. 14, the oil saturation 
has reduced significantly to 0.1 as opposed to 
the initial oil saturation of 0.99 during the first 
year. 

 

  

 
 

Fig. 11. (a) Plot of field oil recovery against time (b) field oil production against time (c) field 
pressure against time after 5 years of continuous CO2 injection 

a b

v 

c 
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Fig. 12. Oil saturation 5 years of CO2 injection 
 

 
 

 
 

Fig. 13. (a) Plot of field oil recovery against time (b) field oil production against time (c) field 
pressure against time after 10 years of continuous CO2 injection 

a b 

c 
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Fig. 14. Changes in oil saturation after 10 years of CO2 injection 
 

  

 
 

Fig. 15. (a) Plot of field oil recovery against time (b) field oil production against time (c) field 
pressure against time after 15 years of continuous CO2 injection 

c 

a b 
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Fig. 16. Oil saturation after 15 years of CO2 injection 
 

Fig. 16 shows a variation in the oil saturation with 
continuous CO2 injection over 15 years in the 
synthetic model. Since the beginning of CO2 

injection, there has been an increase in the oil 
production and recovery factor but it was noticed 
that the considerable additional recovery during 
the last five years of continuous CO2 compared 
with the first five years of injecting CO2 as 
recovery factor and total oil production after 15 
years is 25% and 6.9×10

6 
sm

3 
respectively (Fig. 

15). From the foregoing, it is evident that most of 
the oil was recovered during the first 5 years of 
CO2 injection. 
 
Comparison of the final oil recovery as a function 
of time shows a maximum additional recovery of 
32%. Holt et al. [18] in their work obtained a 
recovery factor from continuous CO2-EOR from 
8.5 to 9.5% for a conceptual model of some 
representative North Sea fields. Similarly, 
Akervoll and Bergmo [19] in their studies of some 
representative North Sea and Norwegian 
reservoirs ended up with an average recovery 
factor of 9 to 10.1%. [20], came up with a 
recovery of 12-13.2% in their work. The recovery 
results obtained based on the conceptual model 
in this study is slightly higher than those obtained 
by these authors in their simulation. 
 

4. CONCLUSION 
 
A simple but realistic synthetic model which has 
the same reservoir and field properties with the 
Norne field E-Segment was used to simulate the 
possibility of carrying CO2 enhanced recovery. 
The simulation led to the following discoveries: 

I. The field recovery factor was about 40% 
after 7 years of water flooding and a short 
period of gas injection and therefore there 
is a dire need to increase the recovery 
factor of the field. 

II. CO2 flooding was one of the Enhanced oil 
recovery methods that can be used to 
increase recovery in the field based on the 
reservoir characteristics such as 
temperature, depth and API but the choice 
of this particular method was based on its 
dual benefits. 

III. From preliminary results, the feasibility of 
carrying out CO2 EOR on the field based 
on initial EOR screening proposed by 
different authors and simulation studies 
was validated. Most of the oil in the field 
was recovered during the first 5 years of 
CO2 injection indicating that a large 
percentage of the oil will be recovered 
during the first few years of CO2 flooding. 

IV. The recovery with continuous CO2 injection 
was approximately 32% after the 15 years 
using the synthetic model. 
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