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Abstract 

CO2 has been extensively used in onshore fields, primarily for EOR.  However, it has 

been used less offshore due to limited transportation infrastructure and the lack of secure 

CO2 supply.  Recently, CO2 flooding has been reconsidered in offshore fields for both 

EOR and storage.  The performance of CO2 flooding in the offshore classes of reservoirs, 

which are characterised by fundamentally dissimilar properties and development 

characteristics than onshore reservoirs, might be different from the past experience of 

CO2 flooding observed onshore.  Offshore developments are characterised by higher rates 

of depletion, fewer wells, larger well spacing and higher well rates compared to onshore 

reservoirs which are characterised by pattern development and shorter well spacings; 

moreover, the motivation behind CO2 flooding might be different offshore.  The aim of 

this study is to review these differences between CO2 flooding in offshore and onshore 

classes of reservoirs, exclusively within the context of reservoir engineering.  In the first 

part of this study, different aspects of CO2 flooding are compared between two major 

provinces i.e. the onshore Permian Basin province located in the United States and the 

offshore North Sea province.  It will be shown that CO2-EOR has many similar 

characteristics in these two provinces despite the fact that ambient reservoir conditions 

are fundamentally different between them.  Next, flow patterns are compared between 

these two classes of reservoirs.  Flow patterns in each of reservoirs are investigated by 

deriving the key dimensionless numbers which may characterise CO2 flooding in each of 

them.  It will be shown that CO2 flooding is slightly more gravity dominated in the North 

Sea class of reservoirs.  Additionally, in the absence of gravity effects, flow patterns upon 

CO2 flooding are expected to be more stable in the North Sea class of reservoirs due to 

better mobility ratios that characterise the displacement in this province.  The fact that the 

motivation for CO2 flooding is potentially different between these two classes of reservoir 

may also promote alternate CO2 flooding process designs offshore, which should satisfy 

both the EOR and storage requirements of CO2 flooding in the offshore class of reservoirs. 

The second part of this thesis investigates the grid size requirements for modelling 

miscible processes such as CO2-EOR.  A new approach based on measuring heterogeneity 

induced dispersivities in longitudinal and transverse orientations is introduced and 

developed.  Matching these dispersivities with equivalent numerical dispersion may 

determine the correct size of grid blocks in a miscible displacement simulation.  
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Chapter 1                    Introduction and Problem Description 

Begin

1.3 Introduction 

Many of the worldôs important producing provinces are located offshore and these 

account for a significant share of global crude oil supply.  Example cases are the North 

Sea, the Norwegian Sea, the Gulf of Mexico, the Campos and Santos basins, offshore 

West Africa, the Persian Gulf, etc.  Figure 1.1 shows that crude oil production from 

offshore provinces accounted for 29% of the entire world crude production in 2015, at a 

level greater than 27MMSTB per day (USEIA 2016). 

 

Figure 1.1: Global crude oil production in 2015 (USEIA 2016) 

Similar to many onshore oil provinces, offshore provinces in many regions of the world 

are increasingly becoming mature and thus oil production from them is now declining.  

While to some extent this decline can be compensated by measures such as developing 

smaller pools or exploring new assets, particularly in harsher areas, the application of 

EOR methods, as a method of Maximising Economic Recovery (MER), should not be 

overlooked.   

CO2-EOR is an established EOR technique in the United States and has offered 

outstanding performance in this onshore province.  This has caused CO2 flooding to be 

seriously considered as a potential EOR technique for other mature provinces, particularly 

offshore ones.  Reports show that in 2014, 136 fields were under CO2 flooding in the 

United States, producing around 300,000bbl/day (Wallace et al. 2015).   
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The benefit of CO2 flooding in offshore reservoirs is not limited to increasing crude oil 

production and security of crude supply; besides that, applying CO2-EOR offshore can 

increase host governmentsô revenues; additionally, a more secure and safe market for CO2 

storage can be created offshore, which can be an important enabler for future CO2 storage 

programmes. 

Despite outstanding CO2-EOR performance in the United States, its application in other 

mature provinces, particularly offshore ones, is at an elementary stage.  This is principally 

because no secure and abundant sources of CO2, such as those available in the United 

States, have yet been recognized in other provinces. 

Given the large number of successful CO2 flooding projects in the United States, this 

province is sometimes regarded as a benchmark for conducting CO2-EOR activities in 

other regions of the world.  Thus many encouraging results have been extrapolated by 

correlating the CO2-EOR performances observed in the United States to other candidate 

provinces in the world.  This is particularly relevant in the North Sea, where enormous 

and inspiring results for potential CO2 flooding has been reported in the literature over 

the past 30 years, yet there has not been even a single complete end-to-end CO2 flooding 

project in this region. 

While the fundamentals of CO2 flooding such as miscibility development, oil swelling 

and viscosity reduction are important considerations in evaluating and correlating the 

possible CO2-EOR performance in a likely new candidate province, there are other 

important considerations that could affect the CO2 flooding characteristics in a new 

province compared to the past history of CO2 flooding, experienced in the United States; 

¶ First: the fluid and ambient reservoir properties of a new province might be 

fundamentally different than those experienced in the past CO2-EOR projects in 

the United States.  The Permian Basin reservoirs are characterised by both low 

reservoir temperatures and pressures, while in the North Sea for example, both of 

these parameters are high.  On the other hand, in the Presalt basin located offshore 

Brazil, reservoir temperatures are low but pressures are high. 

¶ Second: the dominant flow patterns upon CO2 flooding could be different in a 

new province (e.g. the North Sea) compared to those flow patterns observed in 

the United States CO2 flooded reservoirs (e.g. Permian Basin) which are 

characterised by relatively shorter well spacing, lower rates of depletion and lower 
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formation permeabilities. The difference in flow pattern consequently may affect 

the macroscopic sweep efficiency of CO2 flooding. 

¶ Third: the motivation for CO2 flooding could also be different to the historical 

purely EOR driven CO2 flooding projects common in the United States.  Offshore, 

a combination of EOR and CO2 storage could be the likely driving force behind 

any CO2 flood. 

¶ Fourth: the profile of CO2 availability in a new province could also be different 

from that observed in the United States.  Both quantity and flexibility of CO2 

supply could be different offshore as anthropogenic sources of CO2 supply would 

be the likely source of CO2, with fundamentally different characteristics than 

those of natural CO2 sources available in the US. 

The above combinations may affect the CO2 flooding characteristics offshore in 

comparison with those which have been experienced onshore.  This in turn may result in 

different CO2-EOR performance characteristics offshore in terms of CO2 requirements, 

performance characteristics and process design than those observed onshore.  It is, 

therefore, the target of this study to review these issues and address the likely differences 

between CO2 flooding in onshore and offshore classes of reservoirs. 

A variety of offshore provinces could be the target for the comparison presented in this 

study; however, where applicable, we explicitly concentrate the discussion on the 

characteristics of CO2 flooding in the North Sea province, as North Sea has been a 

potential candidate for CO2 flooding for a few decades and could remain a potential 

candidate in future should a CCS industry develop in this province. 

In the discussion that follows in this chapter, we initially outline the current status of CO2 

flooding in the United States (Section 1.3) and a few other offshore provinces (Section 

1.4).  Later, some examples will be presented to show the significance of the driving force 

in the successful achievement of different projects in the North Sea (Section 1.5).  The 

Next section illustrates and highlights the impact of CO2 storage on the likely 

characteristics of CO2-EOR (Section 1.6).  Finally, the last section highlights the 

organization of the remaining chapters of this thesis (Section 1.8).   

 

1.4 The CO2-EOR Process 

The CO2-EOR process involves injecting supercritical CO2 into the reservoir formation 

to recover additional oil; additional to the recovery obtained by previous methods e.g. 
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secondary waterflooding (Olden et al. 2015).  This can be achieved by a series of 

favourable mechanisms, such as oil swelling, oil viscosity reduction, interfacial tension 

reduction and compositional exchange between CO2 and the remaining oil in the 

reservoir. 

In terms of applicability, CO2-EOR perhaps has one of the most flexible screening criteria 

suggested in the literature (Taber et al. 1997), which makes it a practical EOR candidate 

in more than 80% of the oil reservoirs worldwide (Zhou et al. 2012).  Figure 1.2 illustrates 

the suitable oil gravity range for different EOR methods.  The relative size of the EOR 

contribution (barrel/day) is shown by the size of font.  It can be seen that the combination 

of all gas injection EOR techniques represent the largest share of EOR undertaken 

worldwide.   

 

Figure 1.2: The range of suitable oil gravities for CO2-EOR application (Taber et al. 1997) 

For CO2 flooding to be a competitive process, various conditions must be met (Stalkup 

1983).  First, an adequate volume of CO2 must be available at an economic and favourable 

rate and cost.  Second, the combination of reservoir pressure and temperature and fluid 

composition should allow for optimum miscibility or near miscibility development.  

Third, the displacement characteristics of injected CO2 and reservoir fluid must be 

favourable, in that extremely heterogeneous formations with high permeability streaks 

are detrimental to CO2 flooding.  Finally, the project economics must withstand the added 

cost of the EOR operation (Stalkup 1983). 

In pure EOR terms, incremental oil recovery must be both sufficiently large and also 

timely to achieve EOR objectives.  While the first three elements may remain identical 

for CO2 flooding between onshore and offshore provinces, the economics of CO2 flooding 

could be different offshore, as the motivation of CO2 flooding might be different offshore.  
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Chapter 2 reviews the fundamentals aspects of CO2 flooding via modelling studies, hence 

the remaining technical materials are postponed for this chapter. 

 

1.5 Onshore Evolution of CO2-EOR in the United States 

The first patent for CO2-EOR application in the United States was granted in 1952 and 

the first three projects were initiated in Osage County, Oklahoma between 1958 and 1962 

(Meyer 2006).  However, extensive application of CO2-EOR (along with a number of 

other EOR techniques) was not initiated until the 1970ôs, in response to the world oil 

crisis.  Since then, the use of CO2-EOR has grown significantly in the United States.  The 

first CO2-EOR commercial scale development was initiated in 1972 in the SACROC 

field.  The Denver Unit of the Wasson Field located in West Texas is the world largest 

CO2-EOR project (Tanner et al. 1992).  Although CO2-EOR has been practiced in other 

regions of the world (e.g. Canada or in the Bati Raman field in Turkey); the United States 

is the definite leader in this industry.   

Securing a CO2 supply has had a significant impact on the performance efficiency of CO2-

EOR; numerous examples are available in this regard.  In the Ford-Geraldine field, the 

initial source of CO2 was from a gas plant with erratic CO2 supply for 5 years.  Once a 

more stable CO2 supply was secured in 1985, production increased from 381bpd to almost 

1160bpd (3 fold increase) (Brock & Bryan 1989).  Another example is the North Coles 

Levee (pilot) in which the source of CO2 was from a refinery that had occasional upsets, 

therefore, limiting the supply to pilot area and causing the pilot to terminate early in mid-

1984 (Brock & Bryan 1989).  In the SACROC field, initially 220MMscfd of CO2 were 

supplied from the Val Verde gas plant and then shipped via the Canyon Reef Carrier 

pipeline (CRC) for injection.  Current supply is from Bravo Dome in Colorado and 

McElmo dome in the New Mexico.   

CO2 flooding entered the commercial stage in 1985 with the completion of three major 

CO2 pipelines to the West Texas area (Mathews 1989).  These pipelines connect the CO2 

sources at Sheep Mountain (Colorado), Bravo Dome (NM) and McElmo Dome 

(Colorado) to the large market of west Texas (Mathews 1989).  The Oil & Gas Journal 

has reported that CO2 flooding in the United States produces more oil than steam injection 

does (308,564 b/d vs. 300,762 b/d) and accounts for 41% of the production from all types 

of EOR (OGJ world EOR survey, 2012).   
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In the early days of CO2 flooding in the United States, CO2 supply was provided from 

industrial sources such as gas power plants and fertilizers.  Example cases are SACROC 

(Crameik & Plassey 1972), North Cross (Pontious & Tham 1978) and Twofred (Thrash 

1979) fields, all of which were initially supplied in this way. 

Currently both natural and industrial (including anthropogenic) sources of CO2 are being 

used in the United States and naturally supplied CO2 in the US accounts for the 83% of 

the total supply (Dooley et al. 2010).  Of the total 3.5Bcf/day CO2 injection in the United 

States in 2014, 2.8Bcf/day has been provided from natural sources (5 sources) and the 

remaining 0.7Bcf/day has been supplied by industrial sources (12 sources) (Wallace et al. 

2015).  This suggests that supply capacity from industrial sources is far less than natural 

sources, which could be relevant in other provinces, thus CO2 supply is expected to be an 

important challenge for other provinces, particularly offshore ones, where access to 

natural CO2 resources is not feasible.   

The most important natural sources of CO2 in the United States are Sheep Mountain 

(1TCf at 97% CO2 purity), Bravo Dome (6TCF), MacElmo Dome and DOE Canyon 

fields (>10TCF), Jackson Dome (3-5TCF of CO2) and LaBarge-Big Piney area (20TCF 

of CO2 with 70% purity from Madison and 90% from Big Horn) (Mathews 1989). 

A single report published in 2006 estimates that by injecting 600MT of CO2 in the US 

fields, 245,000bbl/day oil has been recovered (Meyer 2006).  In terms of process 

technology value, almost $24 million per day or $8.8 billion per year have been produced 

by CO2-EOR in the United States.  Three major provinces in the United States have been 

the main targets for CO2 flooding.  The Permian Basin (61%), Rocky Mountains (12%) 

and Mississippi and Louisiana (14%) provinces comprise 87% of the total CO2 flooding 

projects in the US (Jikich & Ammer 2012).  Figure 1.3  (next page) shows the current 

map of CO2 activities in the US, along with the major operating pipelines in this country. 

There is an established CO2 transportation network in the United States, comprising 50 

individual pipelines in the United States; which spreads over one dozen States and into 

neighbouring Canada.  The first CO2 pipelines were constructed in the United States in 

the 1970s (Canyon Reef Carrier pipeline).  Now the combined length of CO2 

transportation pipelines is over 4,500miles.  More than 80% of the CO2 transported in the 

US comes from natural sources which is expected to decline to 50%, if planned capture 

plants become operational as envisaged by 2020 (Wallace et al. 2015).   
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Figure 1.3: Current CO2-EOR operations and infrastructures in the United States (Wallace et 

al. 2015) 

In the Permian Basin, many smaller fields have benefited from the infrastructure created 

for larger fields.  A review of CO2 flooding history in the Permian basin shows that CO2-

EOR projects in larger fields have acted as anchor projects in the early stages of CO2-

EOR activities, and has had a significant impact on spreading of this EOR technique to 

smaller fields.  An example is the Canyon Reef Carrier (CRC) pipeline which was 

constructed to supply the SACROC project; the proximity of smaller projects such as the 

North Cross field to this pipeline enabled implementation of CO2 flooding in this field as 

well (Aryana et al. 2014).   

Government incentivisation in spreading CO2-EOR activities in the United States should 

not also be overlooked.  While reservoir and fluid conditions are favourable for CO2 

flooding in this country, CO2-EOR also has been favoured by the support received from 

the United States government, either in the form of direct financial support by introducing 

tax incentives for this EOR activity or by cost share agreements in few candidate fields; 

e.g. Mattoon field (Baroni 1995).  Knowledge sharing, sponsored primarily by the 

Department of Energy (e.g. many published SPE/DOE papers) has also had a significant 

impact in enabling other operating companies to undertake CO2 flooding activities as 

well. 

Concern regarding global warming has caused the United States to undertake a number 

of CO2 capture and storage activities, which if implemented can provide additional 
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anthropogenic CO2 sources for enhanced oil recovery.  There are a number of CCS 

projects currently underway in the United States.  Cebrucean et al (2014) provides a list 

of the large scale CCS demonstration projects around the world. Of the 22 such projects, 

7 are located in the United States, 6 of which are expected to use EOR as a storage option 

for CO2 and only 1 will use saline aquifer as an storage option.  The Kemper County and 

Petra-Nova plants are good examples of such projects in this regard, where they couple 

CO2 capture with storage and consequent enhanced oil recovery from the target fields.  In 

the Kemper power plant, 65% of the produced CO2 will be used for CO2-EOR which 

could recover 2 million barrels of oil per year (Parisi et al. 2015). 

The Petra-Nova project is a nice example of using anthropogenic CO2 for EOR in the 

United States.  This project is a 50/50 joint venture project between the NRG and JX 

Nippon which operates on a commercial scale post combustion carbon capture facility at 

NRG southwest of Houston Texas (NRG 2017).  This facility captures more than 90% of 

CO2 from a 240 MW slipstream of the flue gas for use and ultimate sequestration of 1.6 

million tons of this greenhouse gas annually. This project is the world largest post 

combustion CO2 capture project installed at a power station (NRG 2017).  

 

Figure 1.4: The location of the Petra-Nova and West Ranch oil field (NRG 2017) 

The technology used in the Petra-Nova project has the potential to enhance the long-term 

viability and sustainability of coal-fueled power plants across the United States and 

around the world. The project was selected by the United States Department of Energy 

(DOE) to receive up to $190 million as part of the Clean Coal Power Initiative Program 

(CCPI), a cost-shared collaboration between the federal government and private industry 

(NRG 2017). This project utilizes a proven carbon capture process, which was jointly 
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developed by Mitsubishi Heavy Industries, Ltd. (MHI) and the Kansai Electric Power 

Co., that uses a high-performance solvent for CO2 absorption and desorption (NRG 

2017). 

The Captured CO2 will be used for Enhanced Oil Recovery to enhance production at the 

West Ranch oil field, which is operated by Hilcorp Energy Company (NRG 2017). It is 

expected that oil production will be boosted from around 300 barrels per day today to up 

to 15,000 barrels per day while sequestering CO2 underground. This field is currently 

estimated to hold approximately 60 million barrels of oil recoverable by EOR operations 

(NRG 2017). 

This capture plant is actually a retro-fit to an already existing power plant (Global CCS 

Institute). The CO2 will be stored at the Frio formation (sandstone) at 5000-6300ft 

beneath the surface where oil has been produced since 1938. The CO2 is transported by 

pipeline using an onshore to onshore transport facility. Petra Nova is the world's largest 

post-combustion CO2 capture system in operation. The purity of CO2 sent to the pipeline 

is greater than 99%. The captured CO2 is transported via a new 132 km long, 12-inch 

diameter underground pipeline to the West Ranch oil field, located near the city of 

Vanderbilt in Jackson County, Texas. Nine injection wells and 16 production wells are 

being used initially for EOR operations. As many as 130 injection wells and 130 

production wells could be used over the 20-year span of the project. In addition to 

satisfying the monitoring requirements of the Clean Coal Power Initiative (under which 

the project received federal funding) the CO2 monitoring program is designed to satisfy 

the monitoring, sampling and testing requirements of the Railroad Commission of Texas 

(RRC) certification program for tax exemptions related to use of CO2 for EOR and use of 

CO2 from anthropogenic sources. The project officially became operational in January 

2017 (Global CCS Institute). 

 

1.6 Status of Offshore Regarding CO2-EOR Application 

Given the successful history of CO2 flooding in the US, CO2-EOR has been considered 

for a number of offshore provinces such as the North Sea, Gulf of Mexico (GOM), 

Vietnam, Malaysia, Brazil and UAE offshore waters.  The only successful and operational 

offshore CO2-EOR project is, however, the Lula field, located offshore Brazil.   
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1.6.1 Presalt Basin; Offshore Brazil 

The Presalt basin located offshore Brazil contains a number of fields with a relatively 

high CO2 concentration in their produced fluids.  Lula is a super-giant deep water oil field 

located in the Santos basin offshore Brasil, some 250km off the coasts of Brazil.  

Discovered in 2006, this field contain oil of 28°API with a GOR of 240m3/m3 

(1348scf/stb) (Pizarro & Branco 2012).   

This is the first project where CO2 is injected in ultra-deep waters, and represents a 

successful example of CO2 flooding offshore.  CO2 for this project is supplied by the 

separated CO2 from associated gas, which is reinjected in the field both for EOR and 

storage purposes.  The CO2 composition in the produced fluid varies between 8-15%.  

(Pizarro & Branco 2012).  The reservoir is located below a 2000m thick salt layer with a 

relatively low reservoir temperature of (60°C-70°C).  Safe storage of CO2 is achieved due 

to the presence of a very thick salt layer.  Gas injection (a mixture of CO2 and 

hydrocarbon) in this field was started in 2011 by injecting around 1 million cubic meters 

of gas per day.  Later, by initiating gas export to onshore, only pure CO2 has been injected, 

thus reducing the injection rate to almost 350,000 m3/day (Pizarro & Branco 2012). 

 

Figure 1.5: Lula field and Presalt cluster areas, Santos province Presalt model (Pizarro & 

Branco 2012) 

The strategic decision not to vent the CO2 to the atmosphere was the primary driving 

force for undertaking CO2 flooding in this field with consequent EOR benefits.  The key 

success of the project was phased development initiated by pilot CO2 application to 

reduce the risk and increase learnings.  Moreover, early planning of the CO2-EOR in this 

field helped eliminate facilities installation downtimes and also provided space for EOR 

facilities (Pizarro & Branco 2012). 
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Given the successful CO2 flooding result observed in this field, CO2 flooding has also 

been considered for the nearby Jupiter field, offshore Brazil, in proximity to the Lula field 

and with almost the same reservoir and fluid properties (high CO2 content in the produced 

fluid) (2b1stconsulting 2014). 

 

1.6.2 Gulf of Mexico 

The Gulf of Mexico (GOM) is an important offshore province for the United States, 

accounting for nearly 20% of the total US crude production.  Since its peak in 2003, 

production from this province has been declining (Malone et al. 2014).  Although a 

number of approaches have been suggested to enhance the production from this province, 

such as exploring deeper waters or developing smaller fields, one effective measure is 

implementing CO2-EOR, which has a successful record in the nearby onshore Permian 

Basin (Malone et al. 2014). 

No CO2 flooding activity has yet been undertaken in this offshore province; however, a 

NETL1 report describes a comprehensive review of the potential CO2-EOR benefits in 

this offshore province (Malone et al. 2014).  Increasing oil production, providing a CO2 

market for future capture plants and also providing a secure location for CO2 storage, 

away from human communities, are important recognised benefits for conducting CO2 

activities in this offshore province.   

The report identifies two important highlights; first, the need to take earlier action in the 

GOM, because many shallow water fields are approaching abandonment (once they are 

abandoned, cost of installing CO2-EOR facilities will be more significant than at present), 

second, the deep water oil fields may benefit from early CO2-EOR planning as has been 

shown in the Lula field (Malone et al. 2014).   

The promise of additional oil recovery and secure CO2 storage are potential significant 

prizes for conducting CO2-EOR in this province.  Royalty in the GOM is about 18.5% 

and this report estimates that the prize of implementing CO2-EOR in the GOM region 

could be around 15billion barrel of oil, if 3.9GT of CO2 is injected (Malone et al. 2014).   

CO2-EOR in the offshore GOM region is not, however, a new concept; in fact, five CO2-

EOR pilots have been undertaken in this region during the 1980s.  The Quarantine Bay 

                                                 
1 National Energy Technology Laboratory 
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CO2 injection started in 1981 and was completed in 1983.  CO2 was delivered by barge 

and injected at an average rate of 1.7MMscfd.  The project was considered successful as 

it recovered 16.9% of OOIP with a net CO2 utilisation of 2.6Mscf/bbl (Malone et al. 

2014).   

 

Figure 1.6: Left: GOM offshore deep water continental shelf; circles locate the position of 

potential future CO2 flooding anchor fields (Malone et al. 2014).  Right: Gulf of Mexico 

crude oil production (USEIA 2016) 

In the Timbalier Bay gravity stable miscible CO2 flood, CO2 was injected for 15 months 

(30%HCPV) followed by field gas injection.  The Bay St, Elaine field, a gravity stable 

miscible CO2 flood was also initiated in 1981.  The injected gas was a mixture of CO2, 

CH4 and butane.  The CO2 injection was followed by N2 injection in this field to reduce 

net CO2 consumption.  In the Weeks Island field, gravity stable CO2 flood, Shell 

recovered 260,000bbl oil by injecting 24%HCPV CO2 mixed with 6% hydrocarbon gas.  

The net and gross CO2 utilizations were respectively 3.3 and 7.9Mscf/bbl.  In the Paradis 

field gravity stable CO2 flood initiated in 1982, CO2 mixed with 10% N2 was injected into 

this field (Malone et al. 2014).  The fact that the majority of the above CO2 floods have 

been gravity stable flooding designs (four out of five), is due to the existence of suitable 

dipping reservoirs in the Louisiana gulf coast area (Cardenas et al. 1984).   

Although all of the above offshore pilot projects were deemed technically successful, 

none of them led to commercial scale CO2 flooding in this offshore province, similar to 

the nearby Permian Basin province.  The main barriers for this are limited CO2 supply 

offshore GOM and high well drilling costs (Malone et al. 2014). 
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1.6.3 The North Sea  

The North Sea province (Figure 1.7, left) opened for exploration and production in 1964 

(Glennie 1998) and reached its peak oil production in 1999.  After this, the production 

has been constantly declining.  Currently, the North Sea is considered as a mature 

province. 

 

Figure 1.7: Left: North Sea Province (OGAuthority 2016), Right: UK and Norway oil 

production (Cryostolenergy 2016) 

Figure 1.7 (right) shows the profile of oil production by UK and Norway; the two 

significant neighbouring North Sea countries.  It can be seen that production from both 

countries has considerably declined compared to their peak productions.  The North Sea 

is now considered as a mature province with the oil fields in the Central, Northern and 

Southern producing significantly below their initial plateau production rates (Jayasekera 

& Goodyear 2002). 

Miscible gas and WAG-EOR have been the top EOR techniques practiced in the North 

Sea area (18 projects) (Awan et al. 2008) since high reservoir temperature and high water 

salinities have limited the application of other EOR methods e.g. polymer flooding (Bath 

1987). 

The EOR potential of the North Sea is estimated to be around 8.5-9% HCPV (Holt et al. 

2009).  The challenge, however, for any EOR method in the North Sea (including CO2-

EOR) is that waterflooding is very efficient, convenient and also cheap in this province.  

In fact, in some fields, the recovery factor due to waterflooding alone can reach 70%, 

though the average recovery for the UKCS is around 45%, which is still significant 

compared to other provinces.  However, given the larger size of reservoirs in the North 
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Sea, a large EOR target can nevertheless be identified (Jayasekera & Goodyear 2002).  

High waterflood recovery in this province may also demand earlier application of EOR 

methods.  The above discussion suggests that successful EOR implementation is most 

likely in the largest fields (Bath 1987).  Table 1.1 shows a list of the EOR projects initiated 

in the North Sea2. 

Table 1.1: A number of EOR projects initiated in the North Sea (Awan et al 2008, Brodie et 

al. 2012). MG: Miscible Gas injection, MWAG: Miscible WAG injection, IMWAG, 

Immiscible WAG injection, FAWAG: Foam Assisted WAG injection. 

# Field Name Operator Prod/Start-up Location 
EOR 

Method 

1 Ekofisk (Ekofisk fm.) ConocoPhillips  1971 Norway MG 

2 Ekofisk (Tor fm.) ConocoPhillips  1971 Norway IMWAG 

3 Beryl ExxonMobil 1976 UK MG 

4 
Statfjord (Statfjord 

fm.) 
Statoil 1979 Norway MG 

5 Statfjord (Brent fm.) Statoil 1979 Norway IMWAG 

6 Brent Shell 1976 UK MG 

7 Alwyn North Total 1987 UK MG 

8 Smorbukk South Statoil 1999 Norway MG 

9 Snorre (SnA) Statoil 1992 Norway MWAG 

10 SnA (CFB) Statoil 1992 Norway FAWAG 

11 SnA (WFB) Statoil 1992 Norway FAWAG 

12 South Brae Marathon 1983 UK MWAG 

13 Magnus BP 1983 UK MWAG 

14 Thistle Lundin Oil 1978 UK IMWAG 

15 Gulfaks Statoil 1986 Norway IMWAG 

16 Brage Norsk-Hydro 1993 Norway IMWAG 

17 Oseberg Ost Norsk-Hydro 1999 Norway IMWAG 

18 Siri Statoil 1999 Denmark SWAG 

19 Ula BP 1986 Norway MWAG 

20 Harding BP 1996 UK MG 

 

As with other major offshore provinces, there is no commercial scale CO2-EOR activity 

in the North Sea province yet.  The idea of CO2 flooding in this province is, however, not 

absolutely new; CO2-EOR has been considered in the North Sea since 1982 (Alkemade 

1995).  CO2-EOR, however, has been proposed in a number of projects such as Magnus, 

Ekofisk and Forties, but principally due to unavailability of secure CO2 supplies, its 

application has been halted. 

The benefit of CO2-EOR in the North Sea is very similar to the Gulf of Mexico in that, it 

can extend field life, delay field abandonment and also provide a safe storage for CO2.  

                                                 
2 There are more EOR projects in the North Sea than those depicted in Table 1.1. The data depicted in Table 

1.1 have been collected from open literature. 
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Moreover, a large fraction of produced hydrocarbon gas which is now used for EOR can 

be released and then diverted to European markets, once CO2-EOR is in place.   

Until recently, there have been optimistic calculations of the CO2-EOR economic 

potential in the North Sea region (Pershad et al. 2012) for the UK economy.  A report 

from Element-Energy identifies 19 fields as potential anchor projects for possible CO2-

EOR activities in the North Sea.  This report estimates the first few CO2-EOR projects 

would require substantial fiscal incentive, but later projects could be sustained with a 

modest fiscal incentive (Pershad et al. 2012).  CO2-EOR was also recognised to provide 

benefits such as creating a driving force for CCS deployment in the carbon constrained 

power generation environment envisaged for the 2020s.  It has been, however, foreseen 

that the first CO2-EOR project in the UK would become operational by 2020 and the 

cluster development by 2030 (Durusut & Pershad 2014).  This is an optimistic 

perspective, which is unlikely to be realised, as will be illustrated later. 

A DECC3 pilot taskforce also suggested that CO2-EOR is the best EOR technique in the 

UKCS (Garlick 2012).  Another report estimates that the governments of UK, Norway 

and Denmark could receive up to £22billion in taxes, if CO2-EOR is deployed in the North 

Sea (Durusut & Pershad 2014). 

However, there are factors that considerably question these optimistic views; recently the 

potential for CO2 flooding in the North Sea has been significantly put at risk, after 

withdrawal of UK £1bn CCS competition budget.  Halting CO2-EOR in the Miller field, 

(which occurred long before this decision was announced) was due to the delay in 

approving this fund which was required by the operator (BP).   

In this atmosphere, many companies believe that CO2-EOR in the North Sea can only 

follow a full successful CCS programme; therefore, operators practice a wait and see 

approach which may lead to decommissioning of facilities in the North Sea before any 

CO2 project can commence (Pershad et al. 2012).  Once platforms and facilities are 

removed, the application of CO2-EOR becomes even more challenging.  Figure 1.8 shows 

the envisaged shrinkage of the field structures in the UKCS sector of the North Sea to 

2020 (Jayasekera & Goodyear 2002).  This figure shows that the opportunity for EOR is 

becoming smaller ever in the North Sea and therefore urgent action for implementing 

CO2-EOR is required, if it is ever to take place. 

                                                 
3 Department of Energy and Climate Change 
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Figure 1.8: Facilities shrinkage in the UKCS sector of the North Sea (Jayasekera & 

Goodyear 2002) 

The status of CO2 flooding is, however, slightly different in the Norwegian sector of the 

North Sea. As with the UK, the same conditions prevail in the petroleum operations in 

the Norwegian sector of the North Sea, in that a large number of fields are increasingly 

become mature and a few of them are approaching abandonment (Pham & Halland 2017). 

Since 1982, several major Norwegian increased oil recovery programs have, however, 

been initiated to increase production from the Norwegian assets. In 2003 the Norwegian 

oil and gas taskforce identified a number of technology targets, including CO2-EOR to 

increase the average oil recovery to 50% and gas to 75% from the NCS (Norwegian 

Continental Shelf) including the North Sea (Awan et al. 2008). In Norway, the CO2 

storage atlas has also been recently prepared by the Norwegian Petroleum Directorate 

(Pham & Halland 2017).  

Recently NPD has performed several CO2 enhanced oil recovery studies extending from 

regional screening to more details studies in a few oil fields in the Norwegian sector of 

the North Sea (Figure 1.9).  

 

Figure 1.9: Location of the studied areal; the Norwegian North Sea (Pham & Halland 2017) 
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The results reconfirmed the existence of great EOR potential for CO2 injection in the 

Norwegian sector of the North Sea (Pham & Halland 2017). Results of this study also 

revealed that an average 4% recovery factor improvement due to CO2-EOR application 

with gas storage efficiency of 70-100% is potentially achievable. In comparison with dry 

gas (CH4) flooding, CO2 injection has also shown considerably better EOR results (Pham 

& Halland 2017). 

Unlike the UK, Norway has, however, taken a different strategy toward CO2-EOR and 

CO2 storage activities in the North Sea. Norway has been the pioneer in establishing the 

CCS activities in the North Sea and in fact there are over 20 years of CO2 storage 

experience in the Norway (Pham & Halland 2017). Since 1996, CO2 from natural gas 

production on the Norwegian shelf has been captured and reinjected into sub-seabed 

formations. The CCS projects on the Sleipner, Gudrun and Snøhvit petroleum fields are 

the only industrial scale CCS projects currently in operation in Europe and the only 

projects in the offshore industry (NPD 2017).  

A single report identifies six important steps toward establishing a full CO2 economy in 

Norway, of which EOR is a significant opportunity. Important highlights are the need for 

meeting long term climate targets in a cost effective approach, ensuring future use of 

natural gas, conducting CO2-EOR activities and finally using the current oil production 

infrastructure have been recognised as the crucial reasons to apply CCS in the Norwegian 

sector of the North Sea (Bellona 2017).  

Unlike the UK, an important driving force for pursuing CO2 storage activities in the 

Norwegian continental shelf, including the Norwegian North Sea is the potential positive 

gas production outlook in Norway, which is likely to remain important for the countryôs 

economy at least in the medium term (until 2020). In fact, Norway is the third largest gas 

exporter in the world (NPD 2017).  

 

Figure 1.10: Left: UK dry natural gas consumption and production in terms of TCF (USEIA 

2011), Right: Historical and expected hydrocarbon production in Norway (Norwegian 

Petroleum Directorate 2017). 
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Figure 1.10 shows that while UK gas production is declining, in Norway the trend is 

increasing. Additionally, the Norwegian Sea has also been proven to contain significant 

deposits of natural gas (NPD 2017). This is in addition to gas hydrates, the next generation 

natural gas resources. This reveals that unlike the UK, fossil fuels are likely to remain as 

a fundamental source of energy and a key element for the Norwegian economy which 

necessitates the application of CCS as an important option in Norway to offset and 

stabilise the emission targets. In the UK as was mentioned, the strategy is to shift to non-

fossil fuels, thus CCS may have a considerably less opportunity. 

The Norwegian Government aims to construct at least one full-scale CCS demonstration 

facility (NPD 2017). A techno-economic feasibility study of possible demonstration 

projects in Norway was completed in 2016 (NPD 2017). The Norwegian government has 

proposed to grant 360 million Norwegian kroner for the continued planning of a full-scale 

CCS demonstration facility in Norway (Norwegian Government 2016). The aim of these 

activities was to identify at least one technically feasible CCS chain with corresponding 

cost estimates. Three industrial players have completed feasibility studies of CO2 capture. 

Gassco has carried out a ship transport study and Statoil has completed feasibility studies 

of CO2 storage at three different sites on the Norwegian Continental Shelf (NPD 2017).  

The results from the feasibility studies, which were presented in July 2016, show that it 

is technically feasible to establish a CCS chain in Norway. The Norwegian government 

has also continued the planning of a large scale CCS project in Norway. After conducting 

FEED studies by late 2018 and with a positive final investment decision, a large scale 

CCS project is likely to be operational by 2022. It is expected that by 2050, the CO2 

storage industry in Norway will be about the size of the current UK oil and gas industry 

(NPD 2017). 

  

1.6.4 Other Offshore Provinces 

Recently ADNOC4 in the United Arabic Emirates has investigated the possibility of CO2 

flooding in the lower Zakum field, off the UAE coast in the Persian Gulf, to enhance the 

fieldôs recovery.  In this project, CO2 will be collected from a few onshore industrial 

plants and will be used to replace the hydrocarbon gas which is currently used for EOR 

(PennEnergy 2010, Belhaj et al. 2012). 

                                                 
4 Abu-Dhabi National Oil Company 

https://www.regjeringen.no/globalassets/departementene/oed/pdf/summary.pdf
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Another pilot CO2 flooding activity was conducted in the Rang Dong oil field offshore 

Vietnam.  The test was a single well Huff & Puff operation with positive results in the 

absence of any reported injectivity problems.  The injected CO2 was initially trucked from 

its source onshore to the nearby port from where it is was sent to the field by barge.  A 

total of 163MT of 99.97% purity CO2 was transported to the field (Uchiyama et al. 2012, 

Ha et al. 2012).   

CO2 flooding has also been considered for EOR in the Dulang field and Baram Delta 

operations (BDO), offshore Malaysia (Zain et al. 2001, Rosman et al. 2011).  It was 

identified that since MMP is higher than initial reservoir pressure, miscible CO2 

displacement would not be feasible at Dulang ambient reservoir conditions.  The 

immiscible WAG pilot test, however, was initiated in 2002 in block E10-14 of this field 

and since then it has shown successful results (Abu Bakar et al. 2011, Nadeson et al. 

2004, Zain et al. 2001).   

Although these examples, plus CO2 flooding in the Lula field, are all successful instances 

of CO2 flooding offshore, none of them are considered as enabler examples for a cluster 

scale CO2-EOR deployment which is considered to be the likely arrangement foreseen in 

the North Sea or the Gulf of Mexico, should commercial scale CO2-EOR ever take place 

in these provinces.  

  

1.7 The Challenge of CO2 Supply Offshore 

The growth in the number of CO2 flooding projects in the United States is primarily due 

to the ease of access to commercial volumes of naturally occurring CO2 and also the 

existence of established pipeline facilities; a prerequisite for CO2-EOR, which is currently 

unavailable in many offshore provinces including the North Sea.  Of the offshore 

provinces reviewed so far, only the Lula field has established its own secure CO2 supply; 

this is only from its own produced associated gas.   

Since there are no natural CO2 reserves in the North Sea, carbon capture from 

anthropogenic sources is expected to be the unique solution for CO2 supply with 

capacities as high as 270MT/year (Pershad & Stewart 2010).  While theoretical figures 

for potential CO2 supply from North Sea neighbouring countries are very encouraging, 

the readily available potential is very limited.  The only three available CO2 producing 

projects in the North Sea are perhaps Peterhead,  Sleipner and Snøhvit projects with 1.0, 
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0.85 and 0.7Mt/year CO2 production capacities, respectively (Global CCS Institute 2016) 

which at best could securely support one or two medium sized projects at the scale of 

EOR in the Magnus field.  In Magnus, so far around 112BCF of hydrocarbon gas have 

been injected with rates as high as 100MMscfd (Brodie et al. 2012).  In CO2 equivalent 

terms, this could translate to a cumulative CO2 injection of around 6MT CO2 with 

injection rates as high as 2MT/year CO2. 

Similar to the Lula field, in the North Sea, CO2 can also be supplied from produced 

associated gas.  In fact, some fields in the North Sea have significant concentrations of 

CO2 in their produced fluids.  The Brae (35%), Toni and Sleipner fields are good 

examples, but their contribution is yet uncertain (Fayers et al. 1981, Jethwa et al. 2000).  

Nevertheless, this method of CO2 supply, at best, can support a few point-to-point CO2 

flooding projects and not a full cluster scale CO2-EOR deployment, similar to the Permian 

Basin. 

Apart from the issues of CO2 sources, the transportation infrastructure is not readily 

available for CO2 transportation in the North Sea.  Although HC-gas transportation 

infrastructure can be potentially converted to CO2 transportation facilities in the North 

Sea (e.g. in the Goldeneye project), this can only happen once the productive life of the 

field has been terminated, implying that CO2 flooding can only serve for storage and not 

for combined EOR and storage.  If EOR is expected to be a simultaneous objective, then 

construction of new pipelines facilities should be essential.  CO2 pipelines, however, can 

utilise the same corridor laid out for hydrocarbon gas transportation (Malone et al. 2014). 

 

Figure 1.11: Existing oil and gas pipelines in the North Sea (Pershad & Stewart 2010) 




































































































































































































































































































































































































































































