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Management summary 

Titel : Independent storage assessment of offshore CO2 storage 
options for Rotterdam– Summary report 

Auteur(s) : F. Neele 
C. Hofstee 
M. Dillen 
M. Nepveu 

Datum : 2 mei 2011 
Opdrachtnr. :  
Rapportnr. : TNO-060-UT-2011-00809 
 
Introduction 
In early 2010, TNO Built Environment and Geosciences (TNO) was contracted by the 
Rotterdam Climate Initiative (RCI) to conduct an Independent CO2 Storage Assessment (“the 
ISA” or “the Study”) of offshore CO2 storage sites under the Dutch North Sea, so as to 
support the early deployment of carbon capture and storage (CCS) in Rotterdam and the 
development of a Rotterdam CCS Network. This document provides an outline of the 
rationale and key objectives for the Study, a description of the work undertaken and 
methodology applied, a summary of the key results and findings as well as a recommendation 
for a further storage study, intended to be conducted in 2011. 
 
The Study is intended to address a key need of CCS project developers – greater certainty 
over the technical viability, capacity and cost of utilizing prospective CO2 storage sites. In the 
RCI’s experience, CO2 storage often receives less attention than other portions of the CCS 
value chain due to the long lead times required to bring storage sites to operation and fewer 
near-term incentives for the operators of hydrocarbon fields to invest in detailed 
investigations. This Study provides CCS project developers with an overview of potential CO2 
storage sites available to them in the near-term, assists them in identifying the best prospects, 
and provides detailed information and analysis of the identified sites, with the aim of building 
greater confidence in proposed storage sites, providing several alternative options should one 
storage site prove less attractive than originally though, and ensuring that sufficient progress 
is made in characterizing prospective CO2 storage sites to enable their operation in the near 
term. 
 
The results from the assessment of short-term offshore storage options near Rotterdam are 
summarised in the table below. 
 
Short-term (2015 – 2020) options 
The best option for short-term storage is the P18 cluster. It is the candidate site for storing the 
CO2 from the Rotterdam Afvang en Opslag Demonstratieproject (Rotterdam capture and 
storage demonstration project, ROAD) in the Rotterdam harbour. The pipeline from the ROAD 
capture plant to the cluster allows third parties to join the project, while the P18 cluster has 
sufficient capacity, in terms of both storage capacity and injection rate, to accommodate CO2 
from additional sources in the Rotterdam harbour area. The timeline to first injection, by the 
end of 2015, allows all measures to be taken to ensure safe and secure storage. Total 
investment costs are estimated to be 65 M€, for workover of platform and six wells, excluding 
onshore installations and pipeline construction. Operational costs are of the order of 
3.2 M€/yr; these do not include the costs of (remotely) operating the platform from the P15 
platform. The latter costs are uncertain, but at least several million Euros per year. 
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Results from the storage assessment offshore Rotterdam. Shown are the requirements investigated (availability, storage capacity, 

etc.). The colour code refers to the level of risk associated with each requirement. Green: no hurdles identified, yellow: less 

favourable or not assessed, red: possible showstopper. More detail is given in the report and in the site-specific feasibility reports. 

 
Other options for short-term storage that were studied in this project include the Q08-A field 
(offshore IJmuiden) and transport of CO2 by ship to the K12-B field.  
- The Q08-A field is a good candidate field for storing CO2. Risks include the required 

upgrade of the onshore CO2 pipeline from Rotterdam to Amsterdam (OCAP, which is the 
best transport option from Rotterdam to the field) and its extension from Amsterdam to 
the coastal terminal of the Q08-A pipeline. The total investment costs for Q08-A are 
estimated at 20 M€, operational costs are of the order of 1.8 M€/yr. 

- Ship transport. In the framework of CO2 injection and enhanced gas recovery tests that 
have been performed in the past few years at the K12-B field, a feasibility study into 
transport by and injection from a ship was conducted. The cost of ship transport and 
injection are estimated to be of the same order as those of pipeline transport and 
injection. However, questions remain, regarding the behaviour of the CO2 and the 
response from the reservoir, when CO2 is injected at pressure and temperature conditions 
and injection rates relevant for ship transport. A large-scale test injection is required to 
confirm the feasibility of ship transport. If proven feasible, ship transport can be a valuable 
addition to the options for offshore storage, providing a solution for small or remote fields, 
for which pipeline transport is too expensive, or as a temporary option, providing transport 
while a pipeline is being constructed. 
Investment costs are estimated at 26 M€, for the workover of platform and wells. 
Operational costs of the injection are of the order of 11 M€/yr. Not included in these cost 
figures are the costs associated with ship transport. 

 
The P06 cluster, with a storage capacity of about 35 Mt, is potentially interesting and was also 
studied in detail. A study of the wells in the field showed that the sealing quality of the 
abandoned wells is questionable or unknown. In both cases, safe and secure storage can not 
be guaranteed, without prohibitively expensive remediation measures. These findings 
disqualify it as a site for CCS. 

Field name P18-2 P18-4 P18-6 K12-B Q01 + Q01 oil 
fields 

Q08-A P06-AB P06-MP P15-9 P15-11 P15-13

Type gasfield saline 
formation 
associated with 
hydrocarbon 
production

gasfield

Availability 2018 2014 2011 post 2015 2012 2008 2015 2015 2014 2014 2007

Capacity (Mt) 33 8 1.4 25 110 10 22.6 7.2 12 17 8.6

Start injection 2019 2015 2015 >2016 >2016 2015 2017 2017 2015 2015 2015

Injection rate 
(Mt/yr) >1,1 >1,1

0,2 for 5 
yrs

3.1 Mt/yr high 0.9 1,6 - 2,2 1 for 5 yrs 1,4 for 5 yrs 1,4 for 5 yrs 0,73 for 5 yrs

Containment
good 

(claystone)
to be checked

good 
(claystone)

CAPEX (M€), 
OPEX (M€), 
storage cost 
UTC (€/tCO2), 
injection period

CAPEX: 26
OPEX: 90
UTC: 4.6

Duration: 8 
years

new injection 
well and 

platform; wells 
to be 

abandoned

CAPEX: 20
OPEX: 18
UTC: 3.8

Duration: 10 
years

CAPEX: 48
OPEX: 280
UTC: 14,3

Duration: 24 
years

CAPEX: 16
OPEX: 42
UTC: 8,1

Duration: 10 
years

CAPEX: 29
OPEX: 74
UTC: 6,0

Duration: 12 
years

CAPEX: 29
OPEX: 46
UTC: 5,6

Duration: 19 
years

CAPEX: 27
OPEX: 55
UTC: 9,5

Duration: 10 
years

Risks well bores: risk 
factor; 
injection from 
ship to be 
tested

Integrity of 
many 
abandoned 
wells

obtaining 
(transport) 
permits is 
difficult

suspended 
exploration 
well (Phase 1)

none identified 
(Phase 1)

none identified 
(Phase 1)

Other / notes
option for the 
medium term 
(post 2020)

Good 
candidate CO2 
storage

development 
with P06-MP 
and P06-D. 
Complex 
infrastructure

OPEX shared 
with P06-MB

good (claystone) good (claystone)average

gasfields gasfieldsgasfields

CAPEX: 65
OPEX: 32
UTC: 2.8

Period: 10 years

sealing quality five abandoned 
wells questionable, heavily 
fractured reservoir, possibly 

uneven CO2 distribution

Best short term storage option. 
Costs are in combination with other 

P18 fields

workover diverted well

Close to P18 cluster
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Next steps 
The development of CCS activities in the Rotterdam area requires storage capacity on the 
medium and long term. The steps to providing this capacity can be defined. 
 
• Ship transport. Demonstrate feasibility of ship transport and injection in depleted gas 

fields. If feasible, ship transport can provide the means of rapid development of offshore 
CO2 storage. 

• P15. Verify the storage potential of the P15 cluster. This cluster is close to the P18 cluster 
and has a storage capacity of approximately 40 Mt. No hurdles to developing the P15 
cluster for CO2 storage were identified in the Study. A detailed feasibility study is required, 
to analyse all available data. 

• Q1 saline formation. The feasibility of storage in the Q1 formation must be further 
investigated, as the feasibility study performed so far was limited in scope. Its large 
storage capacity and its proximity to the coast provide potentially cost-effective storage.  

• Verify the storage capacity in the central offshore area (K and L blocks). With a storage 
capacity of about 800 Mt, this area of the Netherlands offshore can accommodate the 
medium and long-term CO2 captured volumes. Feasibility studies similar to those 
performed for the P18 cluster are required for each offshore gas field. 

• Explore potential for other long-term storage options. In addition to the large storage 
potential in the K and L blocks, other options can be explored. These include finding 
options for storage in offshore saline formations and connecting to the UK offshore fields. 
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1 Introduction 

In early 2010, TNO Built Environment and Geosciences (TNO) was contracted by 
the Rotterdam Climate Initiative (RCI) to conduct an Independent CO2 Storage 
Assessment (“the ISA” or “the Study”) of offshore CO2 storage sites under the 
Dutch North Sea, so as to support the early deployment of carbon capture and 
storage (CCS) in Rotterdam and the development of a Rotterdam CCS Network. 
This document provides an outline of the rationale and key objectives for the Study, 
a description of the work undertaken and methodology applied, a summary of the 
key results and findings as well as a recommendation for a further storage study, 
intended to be conducted in 2011. 
 
The Study is intended to address a key need of CCS project developers – greater 
certainty over the technical viability, capacity and cost of utilizing prospective CO2 
storage sites. In the RCI’s experience, CO2 storage often receives less attention 
than other portions of the CCS value chain due to the long lead times required to 
bring storage sites to operation and fewer near-term incentives for the operators of 
hydrocarbon fields to invest in detailed investigations. This Study provides CCS 
project developers with an overview of potential CO2 storage sites available to them 
in the near-term, assists them in identifying the best prospects, and provides 
detailed information and analysis of the identified sites, with the aim of building 
greater confidence in proposed storage sites, providing several alternative options 
should one storage site prove less attractive than originally though, and ensuring 
that sufficient progress is made in characterizing prospective CO2 storage sites to 
enable their operation in the near term. 
 
The Rotterdam Climate Initiative and CCS in Rotterdam 
The RCI was established in 2007 as collaboration between the City of Rotterdam, 
the Rotterdam Port Authority, the DCMR Environmental Protection Agency and 
Deltalinqs, a business organization representing the companies in the Rotterdam 
port and industrial area. The RCI’s mission is to reduce Rotterdam’s CO2 emissions 
to 50% of 1990 levels by 2025 and given the high volume of emissions from the 
area’s growing energy and industrial complex, the RCI believes that CCS will be 
necessary to meet its emissions targets.  
 
Since its formation, the RCI has worked with government and industry to assist in 
the development of a Rotterdam CCS Network, which would comprise multiple CO2 
capture facilities and shared CO2 transport and storage infrastructure, supporting 
both the near-term deployment of CCS and subsequent scale-up on a commercial 
basis. Key attractions of a Rotterdam CCS Network include lower unit costs based 
on economies of scale and accelerated CCS deployment based on the availability 
of long-term infrastructure and business, financial and regulatory models put in 
place during early stages of development. It could also provide the foundation for a 
long-term, commercial CO2 Hub, capitalizing on the Rotterdam’s deep experience in 
trade and logistics and on its location at an axis between significant North Sea CO2 
storage capacity and continental European industrial emissions, one-third of which 
are located within 500km from the Port of Rotterdam. 
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The RCI’s work programme, undertaken with the advice and support of the Clinton 
Climate Initiative (CCI), has included a series of studies outlining the opportunity to 
develop the Rotterdam CCS Network by 2015. A preliminary pre-feasibility study in 
2007 and early 2008 identified Rotterdam as an especially favourable site for such 
a large-scale network based on its concentration of large CO2 emitters and its 
proximity to offshore storage sites under the Dutch North Sea. Over the course of 
2009, the RCI worked with a core group of interested potential CCS Network 
participants comprising key emitters, gas / CO2 transportation companies and 
operators of depleting hydrocarbon fields to provide greater detail for a concept in 
which the Rotterdam CCS Network would capture, transport and store at least 5 
million tonnes of CO2 per year from a variety of sources no later than 2015 and to 
expand to at least 20 million tonnes of CO2 per year on a 2020-2025 time horizon. 
This included independently validated feasibility studies for CO2 capture, business 
case plans for a common carrier CO2 pipeline and storage infrastructure, the 
development of a CO2 shipping concept and specialised financial analysis across 
the full CCS value chain.  
 
One of the key findings of this work was that planning of appropriate CO2 storage 
sites was the least developed aspect of CCS in Rotterdam and that it needed to be 
progressed urgently. Furthermore, potential CO2 capture project proponents 
required greater certainty regarding the availability of sufficient CO2 storage 
capacity and of sufficient number of alternative sites to mitigate the risk of any one 
individual site proving less attractive at later stages than initially thought. 
 
In the meantime, the CCS project landscape in Rotterdam has started to take 
shape. The Rotterdam Afvang en Opslag Demonstratieproject (Rotterdam capture 
and storage demonstration project, ROAD), a joint venture between E.ON Benelux 
and Electrabel GDF Suez to capture of roughly 1MtCO2/yr from E.ON’s new 
Maasvlakte power plant and store it in the P18 depleting gas fields located ~20km 
offshore from Rotterdam operated by TAQA, has been awarded €180 million in 
European Economic Programme for Recovery (EEPR) funding and up to €150 
million in co-funding from the Dutch government. In addition, a number of other 
Rotterdam emitters have expressed their intention to seek EU funding in either of 
the two rounds of the NER300 package for their own demonstration projects.  
 
Building on the substantial progress made by such first-mover CCS projects and the 
wide industry participation in its 2009 work programme, the RCI continues to 
support the development of a Rotterdam CCS Network and aims to integrate 
multiple CO2 capture projects in a common user transport and storage system by 
2015, which would handle increasing volumes of CO2 and provide a basis for 
scaling to a commercial CO2 Hub.  
 
Independent CO2 Storage Assessment 
A number of previous investigations of CO2 storage in depleted gas fields on the 
Dutch Continental Shelf have provided a good foundation for the Independent 
Storage Assessment, including two reports issued by the Netherlands Oil & Gas 
Exploration and Production Association (NOGEPA) [NOGEPA 2008, 2009] and, 
most recently, the national CO2 storage master plan [EBN – Gasunie 2010]. 
However, these previous reports focused on high-level assessment of CO2 storage 
potential and strategies based on high-level analyses and hypothetical scenarios.  
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The intention of the current Study is to revisit and build on that work to test 
underlying assumptions, identify several alternatives for a first step in long-term 
strategies, and develop a detailed understanding of specific sites so as to underpin 
the near-term development of CCS projects in Rotterdam and the Netherlands. 
Specific objectives were to: 

� Develop a detailed, comprehensive, independently validated and harmonized 
data set for CO2 storage in the relevant portions of the Dutch North Sea, 
covering all potential structures, including aquifers and hydrocarbon fields, and 
ensuring that no good prospects were overlooked in previous reports. 

� Identify the best potential CO2 storage sites, from both technical and cost 
standpoints, to act as the first step in the development of a Rotterdam CCS 
Network targeting operation in 2015. 

� Progress detailed analysis at a number of identified sites to provide sufficient 
alternatives should a specific site prove unavailable on desired timelines or 
less attractive during later stage work. 

� Indentify development plans for the analysed sites, outlining actions, timelines 
and costs required to bring each site to operation. 

� Provide greater certainty among emitters regarding the availability, viability and 
capacity of specific sites, enhancing their confidence to advance planning for 
CO2 capture projects. 

 
In 2010, work towards these objectives was structured in two phases: 

� Phase 1 consisted of data collection and review, including both depleted 
hydrocarbon fields and saline formations, to identify the most attractive CO2 
storage options on a 2015 time horizon and to ensure that no good short-term 
prospects have been overlooked. 

� Phase 2 consisted of a detailed assessment of four of the most attractive CO2 
storage options on a 2015 time horizon identified in Phase 1, including 
feasibility level analysis of the technical viability, capacity, availability and cost 
of using each site for CO2 injection from 2015; and a site development plan for 
each site, outlining the timeline for actions to bring each site operation as well 
as the cost of those actions and key risks. 

 
Recognizing the importance of the Study to the development of CCS in Rotterdam 
and its own CCS objectives, the Global CCS Institute and five major Rotterdam 
emitters provided funding. The RCI and CATO-2, the Dutch national public-private 
CCS R&D cooperation both made significant in-kind contributions. The sponsoring 
emitters were also invited to form the ISA Steering Group, chaired by the RCI, to 
oversee the progress of the Study, provide feedback and ensure the usefulness of 
the Study in planning CCS projects. EBN also participated in the ISA Steering 
Group as observer, providing guidance on alignment with national CO2 storage 
strategies and development plans. Finally, separate confidentiality agreements 
were signed with hydrocarbon operators (TAQA, Wintershall, GDF Suez, Chevron 
and NAM) to secure the release of confidential operational and geological data. For 
more detailed studies of specific fields, the relevant operators shared in-house 
models and hosted workshops between their reservoir engineers and TNO 
personnel. 
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Conclusions and Recommendations of the Study 
In carrying out the Study, TNO has: 

� Assembled the most detailed and comprehensive database on the P and Q 
Blocks of the Dutch Continental Shelf, including its geology, wells and well-
related data, hydrocarbon production history and other factors relating to CO2 
storage. 

� Identified P18 (target CO2 storage site for the ROAD project), , Q08-A and 
K12-B (existing ongoing pilot-scale injection project) as the most attractive CO2 
storage options on a 2015 time horizon and conducted detailed technical and 
cost analysis of their viability and pathways to development. The Q1 storage 
site (target CO2 storage site in the EBN study to draft a “National Master Plan 
for CO2 Transportation and Storage” [EBN-Gasunie, 2010]) is expected to be 
available after 2015 (but within the period 2015 – 2020). The detailed analysis 
of Q08-A performed in 2008 was updated to harmonize it with the other Phase 
2 studies. 

� Identified the P15 cluster and the Q01-B field as attractive CO2 storage options 
on slightly longer time horizons and recommended that they be investigated in 
greater detail. 

� Identified a number of virgin saline formations in the P and Q blocks as 
potential CO2 storage sites of high interest, given their possible CO2 storage 
capacities in excess of 80 million tonnes of CO2 and recommended that data 
mining and exploration activities be taken to acquire sufficient information to 
make a better judgement of their promise.  

 
Following on these findings, the RCI intends to launch a third phase of the Study in 
2011, in order to survey more broadly for the most attractive high-capacity CO2 
storage sites irrespective of their immediate availability, so as to provide greater 
certainty and progress planning on the long-term development of the Rotterdam 
CCS Network at commercial scales. More specifically, this follow-on study will aim 
to: 

� Screen for and identify high-capacity CO2 storage sites that could support the 
long-term needs of commercial CCS in Rotterdam, taking into account all 
potential geological structures (e.g.: depleted hydrocarbon fields, aquifers, 
etc.), including sites that would require new infrastructure. 

� Based on existing data and any new data that may be acquired during the 
course of this third phase of the Study, conduct a thorough technical and cost 
analysis of the identified sites and design a site development plan, providing as 
detailed description of the required actions and related timelines as possible. 

� Identify gaps in the available data and areas for future further investigations. 
 
It is the RCI’s intention that the Study support not just the CCS plans of the 
sponsoring emitters, but also the wider and accelerated deployment of CCS in 
Rotterdam, in the Netherlands and globally. To that end, it has: 

� Made this summary report available for public consumption. 
� Ensured that the data sets, models and underlying analysis produced by TNO 

will be preserved so that they can be released to interested public and private 
sector organizations, subject to addressing confidentiality issues including the 
agreement of relevant hydrocarbon operators. 

� Included EBN as a participant in the Study and granted it access to results. 
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� Prepared full de-briefings for the Dutch government, so as to discuss the Study 
findings, potential uses of the results in support of national strategies and 
avenues to involve the Dutch government more closely in follow on work. 

� Disseminated a separate document on methodologies employed by TNO in the 
Study on the Global CCS Institute’s public website and its knowledge sharing 
program (published as a separate report [Neele et al., 2011a]). 

 
Section 2 of this report outlines the approach adopted in the Independent CO2 
Storage Assessment, including a description of the methodology used in Phase 1, 
the criteria for selection of specific storage sites for further assessment in Phase 2, 
a description of the methodology used in Phase 2 and a description of the data 
collection process, the contents of the final database and the availability of this data 
for future reference.  
 
Section 3 analyses Phase 1 of the Study, which comprised of comprehensive data 
review and high-level screening for the most attractive storage options in the short-
term. This section provides a discussion of the geological formations reviewed and 
an analysis of each relative to the selection criteria identified in the methodology 
explained in Section 2.  
 
Section 4 analyses the results of Phase 2 of the Study, which comprised of 
feasibility studies at different levels of detail for four of the fields identified in Phase 
1 as the most attractive storage options in the short-term. Phase 2 includes an 
analysis of the technical viability, capacity, availability and cost of using each site for 
CO2 injection from 2015 as well as a site development plan to bring it to operation. 
Full versions of the detailed Phase 2 feasibility studies have been made available to 
the ISA participants and key stakeholders on a confidential basis.  
 
Section 5 discusses the key conclusions of both phases of the Study and provides 
recommendations for further work.  
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2 Approach 

2.1 Methodology 

The purpose of this section is to outline the methodology adopted in both Phase 1 
and Phase 2 of this Study to identify the most appropriate CO2 storage options to 
meet the needs of the first CCS projects in the Rotterdam harbour area, which are 
expected to become operational by 2015.  
 
The volume of CO2 expected to be captured from these first projects in the five year 
period from 2015 to 2020 is between approximately 1 Mt/yr (ROAD project1 alone) 
and 1.6 Mt/yr, taking into account additional CO2 capture projects in the area 
currently seeking funding from the first round of the EU NER300 programme.  
 
In an effort to reduce transport costs, the intention of this Study is to identify CO2 
storage locations close to Rotterdam that would accommodate the capacity and 
timing requirements of these CCS projects, With these criteria in mind, the Study 
focuses on the geological formations within the P and Q blocks, which are located 
less than approximately 100 km offshore from Rotterdam. These blocks contain 
over 60 oil and gas fields as well as several deep saline formations and all 
structures represent possible storage locations for CO2.  
 
As mentioned in the Introduction, the Independent CO2 Storage Assessment was 
carried out in two phases. Phase 1 consisted of data collection and review for a 
high-level screening study of both depleted hydrocarbon fields and aquifers, to 
identify the most attractive options for CO2 storage in the offshore area close to 
Rotterdam on a 2015 time horizon. One of the key objectives of this phase was to 
ensure that no good short-term prospects have been overlooked. In Phase 2, a 
number of the options identified in Phase 1 were studied in detail. The two phases 
are described in more detail below.  

2.1.1 Phase 1 
In Phase 1 the data was collated and all options were considered and checked 
against a list of requirements. For a storage site to be considered a realistic and 
feasible option, it is required to meet a number of criteria. The timing and volume of 
CO2 expected to be captured in the first CCS projects described above lead to 
requirements on availability, storage capacity and injection rate. In addition, safety 
and security of storage was screened, as far as cap rock and wells are concerned. 
The Phase 1 requirements include the following: 
- Availability: the site must be available to start injection by 2015; 
- Storage capacity: be able to store volumes making the storage an economically 

viable option (preferably, a storage site should be able to store the entire 
volume of CO2 expected to be captured in the period of 2015 – 2020). The 
lower size limit that is determined by economic viability depends on a large 
number of factors; this study uses a lower size limit of 5 Mt storage capacity, 
which was also used in previous studies of offshore CCS development in the 
Netherlands;  

                                                      
1 Information about the ROAD project is available at www.road2020.nl (in Dutch). 
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- Injection rate: the site must be able to accommodate the expected rate of 
capture (which is at least 1.1 Mt/yr); 

- Containment: the site must provide safe and secure storage for CO2. This 
relates to the condition of the cap rock, as well as to the integrity of the wells. 
Wells were studied in detail in Phase 2; in Phase 1, only the existence of 
abandoned wells, if any, was investigated. 

 
To assess the feasibility of storing CO2 in each of the structures in the P and Q 
blocks, a database of geological, technical and cost data was compiled (see below 
for a description of the database and sources of the data). 
 
Most of the options assessed in Phase 1 were discarded after applying storage 
capacity and availability thresholds. The analysis was conducted at a high level, 
using a limited set of site-specific data to obtain a rough estimate of storage costs, 
as explained below. 
 
Phase 1 outputs include the following: 
- Injection rates. First-order calculations of injection rates were performed using a 

simplified model2 of the different subsurface reservoirs (depleted gas fields). 
The model computed the response of the storage reservoir, using a limited set 
of geological data and production data. The model computes storage capacity 
from the volume of produced gas, computes when new wells are to be used to 
maintain sufficient injection rates and produces an estimate of the duration of 
injection. 

- Cost. An estimate of the total cost of storage, in units of €/tCO2, is given for 
those sites that were studied in some detail. Input for this cost estimate is the 
timing of the different activities, such as platform and well work-over and 
abandonment. The model used to compute injection rates and storage capacity 
also computes the cost. Included in the cost estimate are the investment and 
operational costs associated with platform and well workovers (prior to 
injection), injection and platform abandonment. Hibernation costs (to preserve 
installations between the end of production and the start of injection) are not 
included. The discount rate used in the cost estimates reported here is 0%. 

- Risk: any aspect of a site that might represent a risk to safe and secure storage 
is noted. In Phase 1, the existence of abandoned wells was noted as a source 
of risk. Abandoned wells are considered to represent the largest risk of loss of 
containment. 

2.1.2 Phase 2 
Phase 2 of the Study, consisted of detailed storage feasibility studies of several 
options for offshore CO2 storage close to Rotterdam. For the sites studied, all 
available data was collated and used to assess the feasibility, risk and cost of 
storing CO2. All sites considered in Phase 2 were hydrocarbon production sites or 

                                                      
2 The model used in this study is the TNO Carbon Capture & Storage Techno-Economic Model. 
This is an integrated well / reservoir injection and cash flow model which provides output on a 
number of key performance indicators, such as the unit technical costs and the break-even CO2 
price at the well head. The reservoir is modelled as a single system, without compartments, with 
one average reservoir pressure and a constant temperature. The reservoir is assumed to behave 
like a tank, which is gradually filled with CO2. The model uses a semi-steady-state inflow equation, 
for a variable number of injection wells. The pressure build-up over time is determined by the 
realized CO2 injection rates over time, using a material balance to compute pressure in the 
reservoir. The pressure-dependent CO2 density is taken into account. 
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were closely related to hydrocarbon production. The feasibility studies consisted of 
the following elements. 
- Building of the geological model of the storage reservoir. In this step all 

available data (such as seismic data, well logs) are assembled into a detailed 
model of the reservoir. 

- Analysis of the mechanical integrity of the reservoir and the cap rock, during 
gas production and subsequent CO2 storage. The mechanical properties of the 
reservoir and cap rock are used to derive safety limits to injection pressures, to 
estimate the effects of production and subsequent injection on the integrity of 
the cap rock.  

- Modelling of injection and the behaviour of the CO2 inside the reservoir. The 
result of this step is a more reliable estimate of storage capacity and feasible 
(and maximum) injection rates, using the pressure limits derived in the previous 
step. The geological model of the reservoir created in the first step is used. 
Production data provide the necessary calibration of the reservoir model. 

- Analysis of the existing wells, with an emphasis on abandoned wells. Wells 
represent breaches of the integrity of the cap rock and form possible pathways 
for CO2 to migrate out of the reservoir. A well consists of a steel casing and 
cement that is inserted between the casing and the rock. The cement provides 
stability for the casing and prevents migration of CO2 out of the reservoir. 
Measurements (well logs) are made, inside the casing, to check the quality of 
the cement layer. One of the first elements of a storage feasibility study is an 
analysis of these well logs, both of abandoned wells and of wells to be re-used 
during storage. Low-quality cement layers must be repaired before storage can 
start. While for open wells this is not a problem, for abandoned wells this 
represents a high-risk, high-cost procedure. Wells are typically abandoned after 
installing a cement plug (inside the casing) at the level of the cap rock. Another 
cement plug is installed near the top of the casing, usually several meters 
below the sea bottom, after which the rest of the well above that level is 
removed. Theoretically, such wells can be re-entered to install a high-quality 
plug, but the cost of such an operation can be several times the cost of drilling a 
new well. An estimate of the current cost of a new offshore well is 30 M€; 
locating, re-entering and re-plugging an abandoned well is a high-risk and 
expensive task.  

- Description of the efforts required to develop the production site into a CO2 
storage site. One of the results from the injection modelling step is the number 
of wells required to reach the required injection rates. This information is used 
in this step to define the work to be done to convert existing installations from 
production to injection. Typical work includes platform and well workovers and 
abandonment of wells not used in the injection period. The production 
equipment on the platform will be partly removed and partly replaced by other 
installations. Production wells must be converted to injection wells, which often 
requires new hardware to be installed.  

- Estimation of the costs of storage. An estimate of the costs involved in the 
conversion of the site from production to storage and the operation of the site 
during injection can be made on the basis of the efforts described in the 
previous step. Estimates for the cost of separate work items are taken from the 
literature; where possible, more detailed and specific information was obtained 
from operators. 
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The result of the Phase 2 studies includes: 
- A description of the risks identified, if any. Low-quality cement layers, as 

explained above are listed. 
- A description of the efforts involved in converting the site from hydrocarbon 

production to CO2 storage. This includes designing the installations needed 
during injection (wells, injection installations at the platform, performing well 
workovers (such as replacing production hardware, improving cement layers, 
abandoning well not used during injection), converting the platform(s).  

- A timeline of these efforts. The offshore element brings special conditions, such 
as a limitation of offshore activities to the summer season. 

- An estimate of the investment and operational costs involved in storing at each 
site considered. 

2.2 Requirements 

This section describes in more detail the specific requirements against which 
hydrocarbon fields and saline formations were assessed in Phase 1 of the Study to 
identify the realistic and most attractive storage options for the first CCS projects in 
Rotterdam (see previous section). This section also provides a description of any 
different approach applied in Phase 2, as appropriate. 

2.2.1 Containment 
In Phase 1, containment of CO2 was only considered in relation to the cap rock and 
the type of storage reservoir. The sealing quality of the cap rock of gas fields has 
been assumed to be good. While for oil fields the sealing quality of the cap rock for 
CO2 must be tested, if a gas cap is or was present, the quality of the cap rock is 
likely to be good. If not, the absence of a gas cap must be explained. The 
mechanical aspect of cap rock integrity and the sealing quality of the wells were 
addressed in Phase 2 only. 

2.2.2 Capacity (theoretical if necessary) 
For purposes of this Study, storage capacity at a single location is required to be at 
least 5 Mt CO2. This is the volume of CO2 produced during the lifetime of the ROAD 
project alone (2015 – 2020) and therefore its minimum required storage capacity. 
While this threshold may be arbitrary to some degree from a cost perspective it is 
considered uneconomical to invest in the development of a storage location if the 
total amount of CO2 to be stored is small and this threshold has also been used in 
previous screening studies for CO2 storage in the North Sea [e.g., NOGEPA, 2008]. 
 
Furthermore, while the storage capacity threshold of 5 Mt may be suitable in 
relation to gas and oil fields, a much higher threshold is likely to be applied in 
relation to virgin saline formations (i.e., saline formations that have not been 
accessed yet) and saline formations associated with oil and gas production. The 
costs of testing and developing virgin saline formations are much higher than that of 
hydrocarbon fields, as there is no infrastructure in place to be re-used. A more 
appropriate threshold for saline formations is likely to be in the order of 50 Mt CO2 
or more. 
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In the case of oil or gas fields, the storage capacity is derived from the amount of 
gas or oil produced. The total volume of hydrocarbons produced, at reservoir 
conditions, can be replaced by CO2. For saline formations, CO2 storage capacity is 
measured by either the void created by oil and / or gas production and water 
extraction, or the space created by compressing existing fluids and rock. Appendix 
A discusses the options for storing CO2 in saline formations in more detail. 

2.2.3 Availability 
The start of capture for the first CCS projects in the Rotterdam harbour area is 
planned for 2015, at which time the storage site must be fully operational.  
For hydrocarbon fields to be available for CO2 injection under this targeted timeline, 
production should have ceased by 2014 at the latest, so as to avoid CO2 storage 
related activities affecting potentially commercial hydrocarbon production and allow 
at least one year to retrofit existing installations (platform(s), wells, pipelines) for 
purposes of injection.  
 
For saline formations associated with hydrocarbon production, production in all 
associated fields of the saline formations should be ceased by 2013 at the latest, as 
the timeline for transition from hydrocarbon production to CO2 injection is likely to 
be longer for saline formations than for oil or gas fields (see below). 
 
Virgin deep saline formations, i.e., formations that are not associated with oil or gas 
production and that have not been accessed yet, are assumed to be available 
today.  

2.2.4 Development timeline 
As noted above, the development timeline for CO2 storage in depleted oil or gas 
fields could be as short as one year. Except for reworking of platforms, wells and 
pipelines, all other preparations for CO2 injection can be done while the field is still 
producing. The reworking can be completed within one year. 
 
For saline formations associated with hydrocarbon production, the period between 
end of production and start of injection is likely to be longer. Generally, a larger 
region of the subsurface must be studied to ensure safe and secure CO2 storage 
and there can be more wells and platforms to be reworked or abandoned. For these 
structures, the timeline to transition from production to injection is estimated to be at 
least two years. 
 
The development timeline for virgin deep saline formations, i.e., formations that 
have not been accessed yet and for which little data is available, is much longer. A 
realistic estimate could be the timeline for the development of hydrocarbon fields, 
from the first identification of the hydrocarbon field on seismic data to the start of 
production. Therefore, these structures are not available for storage in the period 
2015 – 2020 and have not been considered in the Study. 
 
In each of the above cases, the term ‘available’ ignores any licenses that need to be 
obtained, either for storage alone (hydrocarbon fields and associated saline 
formations) or for exploration and subsequent storage (virgin saline formations). 
The relevant licenses can be obtained during the last phase of production of oil and 
gas fields and therefore licensing requirements do not necessarily affect the storage 
development timeline. 
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2.2.5 Injection rates 
Injection rates form another important requirement for the storage sites. The 
capture plants in the Rotterdam harbour are planned to produce 1.1 Mt/yr (the 
ROAD project), or 1.6 Mt/yr (the ROAD project, with additional capture projects in 
the area currently seeking funding from the first round of the EU NER300 
programme).  
 
The CO2 injection rate in a given field (rather, the relation between the injection rate 
and the number of years it can be sustained) is computed from other data, such as 
permeability, number of wells, and pressure in the pipeline. In Phase 1 of the Study, 
injection rates were computed for the gas fields assuming a simplified model for the 
gas reservoirs3. In Phase 2 of the study, a more detailed geological model of the 
storage reservoirs was used, and a more detailed calculation was performed of the 
injection rates feasible for the different reservoirs4.  

2.2.6 Cost 
The cost of storage follows from the timing of the different activities for the 
development of the site for CO2 storage, during the injection process and once 
injection is completed (post-injection and abandonment). The duration of injection 
and, hence, the timing of site closure and abandonment follow from the reservoir 
modelling that is done in the previous step (‘Injection rates’).  
 
Data for the major cost elements, such as platform and well workovers, site 
abandonment were combined with the timing of these activities, to compute a unit 
cost of storage, in units of €/tCO2. In the high-level analysis of Phase 1, these items 
were largely estimated, while in Phase 2 the detailed site study allowed a site-
specific cost analysis. 
 
In Phase 1, the cost estimates contain the following elements: 
- Platform and well workover costs. Cost figures were available for platforms of 

different size and type (main processing platform, satellite platform, subsea 
template). These cost factors probably would not be relevant for virgin saline 
formations; such formations were not studied in Phase 1. 

- Operational costs during CO2 injection. Operational costs were available for the 
same range of platforms; the number of wells was taken into account.  

- Abandonment costs. These are offset by a benefit at the start of the CO2 
storage project through the handover of the abandonment budget reserved by 
the production operator. As the abandonment budget from the production 
operator was assumed to completely cover the abandonment cost, at zero 
discount rate this effectively cancelled the abandonment costs.  

 
Hibernation costs are not included as these depend on the duration of the period 
between the end of hydrocarbon production and the start of CO2 injection. It is 
assumed that injection follows directly on the end of production. 
 

                                                      
3 The model in Phase 1 represents a depleted hydrocarbon field by a tank, filled with permeable 
rock. The inflow of CO2 into the tank then follows from an analytical expression. The computer 
code used is an in-house TNO developed model. 
4 In Phase 2 of the study, detailed models of the reservoirs were used, resulting in more accurate 
predictions of the injection rates. The computer code used was ECLIPSE. 
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In Phase 2, more detailed and site specific cost estimates were made, using the 
detailed description of activities required to convert a site from production to 
injection.  

2.3 Database 

The feasibility of storing CO2 close to Rotterdam was investigated for all options 
available in the offshore region, which include hydrocarbon fields and deep saline 
formations. The offshore region studied included the offshore P and Q blocks, at a 
distance up to about 100 km from the Rotterdam coast. Data on these structures 
was obtained from several sources, creating a database that is more complete than 
those used in previous studies of the same offshore area. 
1. The public database NLOG (Netherlands oil and gas portal, at www.nlog.nl) 

provided data on the location of gas and oil fields, public production plans, 
location of wells and well logs.  

2. Oil and gas field operators in the P and Q blocks provided data either not 
present in the NLOG database, or confidential data. These data include 
(confidential parts of) production plans, well logs from recent wells5, detailed 
geological models and production data. The data were provided to this project 
only and can not be made public without the approval of the respective 
operator. 

3. Recent literature on the development of CCS in The Netherlands. This includes 
recent studies into the feasibility of developing offshore CO2 storage 
infrastructure, which looked at a longer period and a larger offshore area than 
this report [e.g., NOGEPA, 2008, 2009, 2010; EBN-Gasunie, 2010]. Data 
underlying those studies was used for this report. These data included detailed 
(but high-level) field data, such as permeability, ultimate recovery and pressure 
levels. The data were provided by the offshore oil and gas operators and 
remain confidential. 

4. For Phase 1, data on the cost of CCS development was taken from the 
literature [e.g., TEBODIN, 2009]. In Phase 2, detailed cost data were provided 
by hydrocarbon field operators and offshore contractors, for specific activities 
identified in the different storage feasibility studies. 

2.4 Database availability 

A large part of the data was obtained from the public NLOG site. The confidential 
data provided by the offshore oil and gas operators remains confidential. Any data 
from those data sets that appear in this report are published here with the approval 
of the operator(s) and can only be used in future research with their specific 
approval, 
 
All raw data and the database compiled for purposes of this Study remains at TNO.  

                                                      
5 Under the Netherlands Mining Law, well data become public five years after the well is drilled. 
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3 Phase 1 – screening for CO2 storage options 

Phase 1 of the study consisted of a high-level screening study, in which all options 
for storing CO2 in the offshore P and Q blocks were checked against the 
requirements listed in Section Error! Reference source not found. . For those 
options that passed the requirement of storage capacity, a simplified reservoir 
model was used to estimate injection rates and cost. The offshore P and Q blocks 
contain gas fields, oil fields and deep saline formations (see Figure 3.1 through 
Figure 3.3). Appendix A describes the feasibility of storing CO2 in these structures. 
In principle, all of these structures could be used for storing CO2. Their relevance 
for the storage of 5 – 8 Mt CO2 produced in the period 2015 – 2020 is discussed 
below. 
 

 

Figure 3.1 Map showing gas fields (green), oil fields (red), platforms (red dots) and oil and gas 
pipelines (red lines) in the P and Q blocks. The P and Q block numbering is indicated on the 
map; block borders run north – south and east – west. The small map in the lower left-hand 
corner gives the location of the large map, relative to the continent. 
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Figure 3.2 As Figure 3.1, now showing a section of the offshore region including the K12-B field (inside 

the red circle, just above the centre of the figure). The lower part of this figure overlaps with 
the upper part of Figure 3.1. The small map in the lower left-hand corner gives the location 
of the large map, relative to the continent. 
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Figure 3.3 Schematic representation of deep saline aquifer structures regions in the North Sea, where 

CO2 storage can be considered. Four structures are identified (A through D) and 2 clusters. 
A: 60 Mt, B: 50 Mt, C: 40 Mt, D: 60 Mt. Cluster 1: 40 Mt, cluster 2: 32 Mt. The thin dotted line 
indicates the location of the P and Q blocks; the dark blue polygon labelled ‘Q1’ indicates 
the approximate location of the Q1 saline formation associated with the oil fields in the Q1 
block. Figure taken from Kramers et al. [2007]. 

3.1 Oil and gas fields 

As explained in Appendix A, oil and gas fields represent the best options for storing 
CO2 in the short term. The production of oil or gas results in a good knowledge of 
the fields, which can be used to obtain reliable predictions of their response to CO2 
injection.  

3.1.1 Containment 
Containment, in Phase 1, only refers to the type of field and the cap rock. For gas 
fields and oil fields with a gas cap, containment is assumed to be good. For oil fields 
without a gas cap, the absence of gas could be the result of the inability of the cap 
rock to retain CO2; this must be investigated. The containment of virgin saline 
formations is unknown and will be a key issue in further investigations. 
  

“Q1”
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3.1.2 Storage capacity 
The CO2 storage capacity of most of these fields is smaller than 5 Mt, the screening 
threshold applied for purposes of this Study. These fields are considered too small 
to allow cost-efficient storage. Examples of small fields are the fields in the P02 
block. 

3.1.3 Availability 
The production of hydrocarbons in the majority of the oil and gas fields in the P and 
Q blocks ends by 2015 or shortly after 2015.  
 
A number of fields are not available for CO2 storage by 2015, for reasons including:  
- Hydrocarbon production continuing beyond 2015. 
- Fields with hydrocarbon production facilities located onshore, such as for 

example Kijkduin-Zee and Wassenaar-Zee. For purposes of this Study, these 
fields are considered onshore fields and are therefore not considered in the 
analysis. 

- Undeveloped or suspended fields. Relates to fields that have been discovered, 
but not developed for hydrocarbon production (undeveloped) or whose 
production has been interrupted (suspended) due to their small size, such as 
for example Q01-D and Q07-FA. Even if these fields were produced, their small 
size would render them unattractive for CCS. Therefore, they have not been 
considered for purposes of this Study. 

3.1.4 Injection rate 
Injection rates were estimated only for the fields that would be available to start 
injection in 2015 and have sufficient CO2 storage capacity. Fields that do not reach 
the minimum injection rate of 1.1 Mt/yr include P18-6 and P15-13. There are 
several fields that can accommodate higher rates than the minimum, such as P15-
9, P15-11, P18-2 and P18-4. Each of these fields can probably accommodate the 
CO2 stream from both the ROAD project and any additional NER300-funded 
projects, a total of about 1.6 Mt/yr. 
 
However, not all fields that failed to meet the minimum injection rate were removed 
from the list of options. Field P18-6, for example, is operated from the same 
platform as P18-2 and P18-4, and can probably be included in a CCS project at 
relatively limited additional cost. The same applies to other fields that are operated 
from one platform.  

3.1.5 Risk 
The only source of risk identified in Phase 1 was the presence of abandoned wells, 
which are present in the P06 cluster, the Q08-B field and the abandoned fields P12-
C and P14-A. These wells represent a possible risk for safe and secure storage and 
their integrity needs to be checked.  

3.1.6 Cost 
In Phase 1 first-order cost estimates were derived, which were in the range of 
3 - 8 €/tCO2. These cost estimates included the cost of reworking platform and wells 
and operational costs during the injection and the post-injection phases; the storage 
sites were assumed to be completely filled. This is in agreement with estimates 
published earlier [e.g., EBN-Gasunie, 2010]. 
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3.2 Saline formations associated with hydrocarbon p roduction 

One saline formation associated with hydrocarbon production has been identified, in 
the Q1 block. This formation contains the oil fields Haven, Helder, Hoorn and Helm. 

3.2.1 Storage capacity, availability 
Although the oil fields do not represent significant storage capacity by themselves, 
the production of both oil and water from the saline formation has created a 
significant void that can be replaced with CO2. The storage capacity in this saline 
formation has been estimated in the order of 100 Mt [EBN-Gasunie, 2010]. 
Production of the oil fields is foreseen to continue until 2012, which would provide 
sufficient time for injection to start in 2015. However, the area covered by the saline 
formation is larger than the Q01 block and contains more than 100 wells, several 
tens of which are abandoned. A detailed study of the formation and the wells is 
currently under way. The time needed to ensure cap rock integrity at each of the 
abandoned well locations in the area where the CO2 will migrate to is likely to take 
more than 2 years. The start of injection is therefore assumed to be later than 2015. 

3.2.2 Injection rate 
Injection rates can be expected to be sufficiently high6 for the early CCS projects in 
Rotterdam. The injection rates depend on the choice of injection well(s) and as no 
wells have been chosen yet, no rates were estimated. 

3.2.3 Risk 
The risk associated with this formation is relatively high, due to the presence of 
abandoned wells. It is noted that not all such wells represent a possible risk, as the 
choice of injection wells determines the location of the CO2 plume in the saline 
formation. Therefore, not all abandoned wells will be in contact with the CO2 plume. 
The injection strategy is to be designed so as to avoid abandoned wells that do 
represent a risk (if any). 

3.2.4 Coast 
In Phase 1, no cost estimate was made of storage in the Q1 saline formation, as no 
preliminary injection strategy could be chosen. Cost will be strongly affected by any 
well integrity remediation efforts, as well as by the choice of injection location and 
the number of injection wells used. 

3.3 Virgin saline formations 

Recent studies [Kramers et al., 2007; Vangkilde et al, 2009] identified several 
possible virgin saline formations in the P and Q area. Little data, if any, is available 
for these structures. A first-order estimate of their storage capacity was made, 
which is in the order of several tens of megatonnes. This storage capacity is highly 
theoretical, as no data on these saline formations is available. These formations do 
not represent feasible storage options in the short term. However, as the structures 
are located close to Rotterdam, the first option is to collect all available data on 
these structures, to make a better assessment of the feasibility of using these 
structures for CCS on a longer term. 

                                                      
6 The permeability of the saline formation is reported to be several Darcy, which is comparable to 
the high-quality sandstones used in.the Sleipner CO2 injection site. Injection rates of several 
megatonnes per year, per well, are expected to be feasible.  
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3.4 Phase 1 results summary 

All options for geological storage of CO2 in the offshore P and Q blocks are listed in 
Table 3.1 through Table 3.3. The tables show the storage options (hydrocarbon 
fields, saline formations) and the requirements used in the screening process: 

- Containment, 
- Storage capacity, 
- Availability, 
- Timeline of development, 
- Injection rate. 

 
Additional columns list the cost estimates, the risks identified and the amount of 
data that is available. The latter applies especially to the virgin saline formations, for 
which little data is available. 
 
The data listed in the ‘Cost’ column represent: 

• total investments (CAPEX), for storage only; 
• total operational costs (OPEX) over the duration of the injection and post-

injection projects, for storage only; 
• unit cost of storage (UTC), given by total CAPEX plus total OPEX, divided 

by the volume of CO2 stored; 
• the volume of CO2 stored (CO2 injected); 
• the duration of the injection period used in the calculation of UTC 

(Duration). 
 
A colour coding is used to visually indicate whether a field or formation is a realistic 
option for short-term storage: 

- Bright green: it is likely that the requirement is met. An example is the quality 
of the cap rock in case of a salt layer. 

- Darker green (lime): it is also likely that the requirement is met, but special 
attention must be paid to this aspect in a detailed feasibility study. An 
example is the quality of the seal for CO2 in the case of oil fields without a 
gas cap, which remains to be proven in case no gas cap was present. 

- Yellow: highlights a problem area. 
- Red: the field or formation does not meet this requirement.  

 
A number of storage options were studied in detail in Phase 2 of the study. These 
are indicated by bold face in the tables. Phase 2 results are summarised in the next 
section. 
 



 

 

TNO report | TNO-060-UT-2011-00809 

ISA - Rotterdam Climate Initiative 

 24 / 48

Field name Type Containment Capacity (Mt) Availability Timeline Injection rate 
(Mt/yr)

Cost (€/tCO2) Risks Other / notes Operator

P01-FA gasfield good (salt) < 5 not developed no infrastructure Elko Energy Inc.
P01-FB gasfield good (salt) < 5 not developed no infrastructure Elko Energy Inc.
P02-1 gasfield good (salt) < 5 not developed no infrastructure Elko Energy
P02-5 gasfield good (salt) < 5 not developed no infrastructure Elko Energy
P02-E gasfield good (salt) < 5 not developed no infrastructure Elko Energy
P02-NE gasfield good (salt) 0.7 Clyde
P02-SE gasfield good (salt) 2.5 Clyde
P06 Northwest gasfield good (claystone) < 5 not developed no infrastructure Wintershall Noordzee B.V.
P06 South gasfield good (claystone) 1.6 2009 2015 Wintershall Noordzee B.V.

P06-D

gasfield

average 5.6 2012 2015 0,7 for 5 yrs

CAPEX: 27
OPEX: 30

CO2 injected: 5,6
UTC: 10,2

Duration: 8 years

Wintershall Noordzee B.V.

P06-AB gasfield

average 22.6 2015 2017 1,6 - 2,2

CAPEX: 48
OPEX: 280

CO2 injected: 23,1
UTC: 14,3

Duration: 24 years

sealing quality five abandoned 
wells questionable, heavily 
fractured reservoir, possibly 
uneven CO2 distribution

development with P06-MP and P06-
D. Complex infrastructure

Wintershall Noordzee B.V.

P06-Main Platten gasfield

average 7.2 2015 2017 1 for 5 yrs

CAPEX: 16
OPEX: 42

CO2 injected: 7,2
UTC: 8,1

Duration: 10 years

see P06-MB OPEX shared with P06-MB Wintershall Noordzee B.V.

P08-A Horizon-West oilfield to be checked < 5 Grove Energy Ltd.
P09-A gasfield good (claystone) 1.3 2015 2017 Wintershall Noordzee B.V.
P09-B gasfield good (claystone) 0.7 2015 2017 Wintershall Noordzee B.V.
P09-Horizon oilfield good (gascap) < 5 Chevron E&P Netherlands B.V.
P10b van Brakel gasfield good (claystone) < 5 not developed no infrastructure Petro Canada
P11b De Ruyter oilfield good (gascap) < 5 Petro-Canada Netherlands B.V.
P11b van Ghent gasfield good (claystone) < 5 not developed no infrastructure Petro Canada
P11b Van Nes gasfield good (claystone) < 5 not developed no infrastructure Petro-Canada Netherlands B.V.
P12-3 oilfield to be checked < 5 not producing Wintershall Noordzee B.V.
P12-C gasfield

good (claystone) 19.9 Abandoned
high costs re-entry & 

infrastructure
abandoned wells Wintershall

P12-SW gasfield

good (claystone) 7.8 2010 2015 0,8 for 5 yrs

CAPEX: 27
OPEX: 66

CO2 injected: 7,8
UTC: 11,8

Duration: 13 years

on route between P18-P15-P06 Wintershall Noordzee B.V.

Table 3.1  Overview of storage options in the Netherlands, in the offshore P01 – P12 blocks. The options include hydrocarbon fields and saline formations. Field names in bold face indicate fields analysed in Phase 2. The columns represent the requirements used in the screening 

process. Dark green: a field meets the requirement; light green: a field is likely to meet the requirement, but it is to be checked; yellow highlights an area that requires attention; red: this requirement is not met by the field. 
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Field name Type Containment Capacity (Mt) Availability Timelin e Injection rate 
(Mt/yr)

Cost (€/tCO2) Risks Other / notes Operator

P14-A gasfield
good (claystone)

too small for 
redevelopment

Abandoned
high costs re-entry & 

infrastructure
abandoned wells Wintershall Noordzee B.V.

P15 Rijn oilfield good (gascap) insufficient suspended TAQA Offshore B.V.
P15-9 gasfield

good (claystone) 12 2014 2015 1,4 for 5 yrs

CAPEX: 29
OPEX: 74

CO2 injected: 11.6
UTC: 6,0

Duration: 12 years

suspended exploration well Logical successor to P18 Taqa Energy B.V.

P15-10 gasfield good (claystone) 0.3 2004 2015 Taqa Energy B.V.
P15-11 gasfield

good (claystone) 17 2014 2015 1,4 for 5 yrs

CAPEX: 29
OPEX: 46

CO2 injected: 16.9
UTC: 5,6

Duration: 19 years

none identified (Phase 1) Logical successor to P18 Taqa Energy B.V.

P15-12 gasfield good (claystone) 0.7 2007 2015 Taqa Energy B.V.
P15-13 gasfield

good (claystone) 8.6 2007 2015 0,73 for 5 yrs

CAPEX: 27
OPEX: 55

CO2 injected: 8,6
UTC: 9,5

Duration: 10 years

Logical successor to P18 Taqa Energy B.V.

P15-14 gasfield good (claystone) 1.2 2014 2015 Taqa Energy B.V.
P15-15 gasfield good (claystone) 0.9 2014 2015 Taqa Energy B.V.
P15-16 gasfield good (claystone) 0.5 2009 2015 Taqa Energy B.V.
P15-17 gasfield good (claystone) 0.4 2010 2015 Taqa Energy B.V.
P18-2 gasfield

good (claystone) 33 2018 2019 >1,1 workover diverted well
Best short term storage option. 
Important, costs are in combination 
with other P18 fields

Taqa Energy B.V.

P18-4 gasfield

good (claystone) 8 2014 2015 >1,1 workover diverted well
Costs are for all three structures of 
P18 combined

Taqa Energy B.V.

P18-6 gasfield

good (claystone) 1.4 2011 2015 0,2 for 5 yrs
Costs are for all three structures of 
P18 combined

Taqa Energy B.V.

K12-B gasfield

good (claystone) 25 post 2015 >2016 3.1 Mt/yr

CAPEX: 26
OPEX: 90

CO2 injected: 25
UTC: 4.6

Duration: 8 years

well bores: risk factor; injection 
from ship to be tested

GDF Suez E&P Nederland B.V.

CAPEX: 65
OPEX: 32

CO2 injected: 35
UTC: 2.8

Period: 10 years

Table 3.2  As table 3.1, now for the P14 – P18 blocks; results for the K12-B field are also included in this table. 
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Field name Type Containment Capacity (Mt) Availability T imeline Injection rate 
(Mt/yr)

Cost (€/tCO2) Risks Other / notes Operator

Q01-Halfweg gasfield good (salt) about 5.5 low Chevron E&P Netherlands B.V.
Q01-Haven oilfield to be checked (no gascap) <5 Combine with Q01 saline formation Chevron E&P Netherlands B.V.
Q01-Helder oilfield to be checked (no gascap) <5 Combine with Q01 saline formation Chevron E&P Netherlands B.V.
Q01-Helm oilfield good (gascap) <5 Combine with Q01 saline formation Chevron E&P Netherlands B.V.
Q01-Hoorn oilfield to be checked (no gascap) <5 Combine with Q01 saline formation Chevron E&P Netherlands B.V.
Q01-B gasfield

good (claystone) 35 2015 2016 2,1 for 5 yrs

CAPEX: 31
OPEX: 134

CO2 injected: 34,7
UTC: 4,8

Duration: 34 years

none identified (Phase 1) Wintershall Noordzee B.V.

Q01-D gasfield good (claystone) < 5 not developed no infrastructure Wintershall Noordzee B.V.
Q01 Northwest oilfield to be checked < 5 Chevron E&P Netherlands B.V.
Q01 + Q01 oil fields saline formation 

associated with 
hydrocarbon 
production

to be checked 110 2012 >2016 high
new injection well and 
platform; wells to be 

abandoned
Integrity of many abandoned wells

principal option for the medium 
term (post 2020)

 

Q02-A gasfield good (claystone) < 5 not developed no infrastructure Smart Energy Solutions B.V.
Q04-A gasfield

good (claystone) 7.6 2015 2016 0,89 for 5 yrs

CAPEX: 27
OPEX: 35

CO2 injected: 7,6
UTC: 9,3

Duration: 11 years

no pipeline connects this field to Q01-
B

Wintershall Noordzee B.V.

Q04-B gasfield

good (claystone) 5.9 2015 2016 0,45 for 5 yrs

CAPEX: 27
OPEX: 57

CO2 injected: 5,9
UTC: 14,1

Duration: 17 years

no pipeline connects this field to Q01-
B

Wintershall Noordzee B.V.

Q05-A gasfield good (claystone) 0.3 2008 2015 Wintershall Noordzee B.V.
Q07-FA gasfield good (claystone) < 5 not developed no infrastructure Smart Energy Solutions B.V.
Q08-A Bunter gasfield

good (claystone) 10 2008 2015 0.9

CAPEX: 20
OPEX: 18

CO2 injected: 10
UTC: 3.8

Duration: 10 years

obtaining permits is difficult
Along the route to the Q01 cluster. 
Good candidate CO2 storage

Wintershall Noordzee B.V.

Q08-B gasfield good (claystone) 1.0 abandoned abandoned wells Wintershall Noordzee B.V.
Q08 - Castricum-Zee gasfield good (claystone) probably small onshore facilities  Wintershall Noordzee B.V.
Q13-FA oilfield to be checked < 5 Delta Hydrocarbons B.V.
Q13-FB oilfield to be checked < 5 not producing NAM
Q13-FC gasfield good (claystone) < 5 not developed no infrastructure DEL/CIR
Q16-FA gasfield

good (claystone) 5 0,8 for 5 yrs

CAPEX: 5,8
OPEX: 75

CO2 injected: 12,9
UTC: 6,2

Duration: 24 years

none identified (Phase 1)
Can be serviced using the same 
platforms as the P18 fields. CAPEX 
of P 18-2 should be taken into account

NAM

Q16-Kijkduin-Zee gasfield good (claystone) probably small onshore facilities  NAM
Q16-Maasgeul gasfield good (claystone) probably small onshore facilities  NAM
Q16-Noorderdam gasfield good (claystone) probably small onshore facilities  NAM
Q13-Wassenaar-Zee oilfield to be checked < 5 onshore facilities  NAM
saline aquifer "1" 
(offshore)

virgin saline 
formation

unknown 60 >2020  unknown Data must be collected

saline aquifer "A"
virgin saline 

formation
unknown 60 >2020  unknown Data must be collected

saline aquifer "B"
virgin saline 

formation
unknown 50 >2020  unknown Data must be collected

Table 3.3  As table 3.1, now for the Q blocks and the saline formations.
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4 Phase 2 – feasibility review 

4.1 Introduction 

Phase 2 consisted of detailed storage feasibility studies on a number of storage 
options identified in Phase 1 as the most attractive storage options in the short term 
to support the first CCS projects in the Rotterdam harbour area. The fields analysed 
in Phase 2 include: 
- P18-2. This field was studied in detail, to support the development of CCS 

project in the Rotterdam harbour. The P18 fields are located close to Rotterdam 
and provide significant storage capacity that will become available around 
2015. The results for the P18 fields from Phase 1 support their selection as the 
first option for storage for CO2 from the Rotterdam harbour. 

- P06-AB. With a storage capacity of over 20 Mt, this is the larger field in the P06 
cluster. Assuming that the P18 cluster is the first option, with the P15 cluster as 
the next storage site, the P06 cluster is the next ‘stop’ along the way from 
Rotterdam to the huge storage capacity in the central area of the Netherlands 
offshore area. This study provides clarity on the feasibility of using the P06 
cluster. 

- Q08-A. A storage feasibility study was performed recently for the Q08-A field. 
The Q08-A field is available now and provides storage capacity of about 10 Mt, 
close to the coast and close to Amsterdam. The field could be reached from 
Rotterdam through the existing onshore OCAP pipeline, once that pipeline is 
upgraded for transport of dense-phase CO2. In Phase 2, cost elements were 
updated for this field.  

- K12-B. This field has been injecting CO2 in relatively small quantities for several 
years, as part of a test program which also includes enhanced gas recovery7. 
As a result, the site is already proven suitable for CO2 storage. In support of 
those activities and because of its location just north of the P and Q blocks, this 
field was included in Phase 2. Several studies have been performed, which 
were combined in Phase 2 of this study to obtain a complete storage feasibility 
study.  

- Q1 saline formation. The saline formation in the Q1 block that contains the Q1 
oil fields could become the prime storage location for CO2 captured in the 
Amsterdam and Rotterdam regions. As mentioned in the previous section, the 
many abandoned wells in the large area that is covered by the formation 
represent a risk. The formation was studied in Phase 2 in a feasibility study of 
limited scope and depth. 

 
The results of the feasibility studies are summarised below. 

4.2 P18-2 

4.2.1 Introduction 
The P18 cluster is located approximately 20 km offshore from Rotterdam, with a 
storage capacity (of about 40 Mt in two fields in the cluster (P18-2 and P18-4) and 
based on our analysis, can accommodate the targeted injection rates (both fields 
can store at least 1.1 Mt/yr).   

                                                      
7 Information on the activities at the K12-B site can be found at www.k12-b.nl.  
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The cluster, more specifically the P18-4 field, is a candidate for storage of the CO2 
captured by the ROAD project in the Rotterdam harbour, which will produce CO2 at 
a rate of 1.1 Mt/yr. 
 
According to current plans, production of natural gas in the P18-4 field will have 
finished by 2015, while production in the P18-2 field will continue until about 2018. 
The existing pipeline that connects the cluster to Rotterdam cannot be used for 
CO2, as it will still be used for gas transport from the P15 cluster and P18-2 field. As 
a result, the ROAD and other candidate projects intend to construct a new insulated 
pipeline to the cluster, with sufficient capacity (5 Mt/yr) to allow further third party 
access and scale up in due course. 
 
The P18 field is currently connected to a gas pipeline to the mainland through the 
P15 platform. It is foreseen that CO2 storage activities at P18 will be operated from 
the P15 platform. 
 
Details of the P18 feasibility study can be found in a separate report [Vandeweijer et 
al, 2011]. 

4.2.2 Viability of storage by 2015 – 2020 
In the event that other emitters in addition to the ROAD project plan to inject CO2 in 
the P18 field, a second injector will be required to sustain the increased CO2 
volume requirements. This could be addressed through an existing diverted well 
(after a successful lift of a temporary plug) injecting into an already depleted sub-
compartment, followed by injection into the main P18-2 compartment (after this is 
depleted). Alternatively, CO2 could be injected in the form of enhanced gas 
recovery during the production of natural gas in the P18-2 block. To reduce the 
mixing of the corrosive CO2 with methane, a third gas, such as nitrogen, could be 
used to act as a cushion between the natural gas and the injected CO2. During the 
first years of injection, it should also be possible for multiple emitters to perform 
simultaneous injection into the P18-4 and P18-6 compartments, albeit at lower 
rates. 

4.2.3 Time line of field development 
An inventory of all activities required to be completed prior to CO2 injection confirms 
that the field development timeline for the P18 cluster would allow CO2 injection by 
2015, in line with the requirements for the first CCS projects in Rotterdam. 

4.2.4 Costs 
The total investments required for storage in the P18 field are estimated at 165 M€, 
which includes the construction of an insulated pipeline from Rotterdam. Depending 
on the amount of CO2 stored, the unit cost of transport and storage is 39.0 €/tCO2 
(for a stored volume of 5.5 Mt CO2, equivalent to ROAD’s target capture of 1.1 Mt 
CO2 per year over a five year period), or 7.6 €/tCO2 (for a stored volume of 35 Mt, 
completely filling up the reservoir). These cost estimates include well workovers, 
platform modifications, a pipeline and onshore facilities. When only the cost 
elements at the platform are include, the unit cost of storage is 14.8 €/tCO2 (stored 
volume 5.5 Mt) and 2.8 €/tCO2 (stored volume 35 Mt). An unknown cost element is 
the cost of remotely operating the P18 installations from the P15 platform; these 
costs are estimated to be several million Euros per year.  
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A breakdown of the investment and operational costs is given by the list below. 
 
CAPEX 155 M€:   Workover 6 wells 40 M€ 

Facility modifications offshore 15 M€ 
Pipe line (insulated) 70 M€ 
Facilities onshore 30 M€ 

OPEX 10 M€/yr:  Platform and terminal operations at P18 2 M€/yr 
        Heating of CO2 0.23 M€/yr 
        Onshore compressor operation 6.7 M€/yr 

Monitoring activities 1 M€/yr 
Platform operations from P15 unknown - several M€/yr 

Pre-start up 10 M€: Includes abandonment of wells, base line monitoring. 

4.2.5 Risks 
The risks identified in the feasibility study relate to the quality of the wells and, more 
specifically, the sealing quality of the wells at the cap rock level. While all wells are 
accessible and remediation work is feasible, one well workover is expected to be 
challenging, requiring the removal of a temporary plug. 
 
As the P18-4 field is candidate for storage of the CO2 from the ROAD project (with a 
storage capacity of about 8 Mt), measures in addition to those for the ROAD project 
need to be taken to allow an additional capture project to store its CO2. To 
accommodate higher CO2 volumes, it is recommended that, if not all compartments, 
at least compartment III of the P18-2 field is brought online for CO2 storage. 
However, this would require a workover of a diverted well (lifting a temporary plug), 
which is a challenging, but feasible task. 
 
Current plans foresee production in the P18-2 field until after 2015. An injection 
strategy involving injection in P18-4 and simultaneous production from P18-2 is 
considered possible by the current operator (TAQA).  

4.2.6 Main conclusions 
The P18 cluster is the prime candidate for short-term CO2 storage. Wells are 
accessible, storage capacity is sufficient for both the ROAD project and an 
additional third party. The capacity of the pipeline to be constructed by the ROAD 
project is intended to allow third party access.  

4.3 P6-AB 

4.3.1 Introduction 
P06-AB is a depleted gas field located in the P06 block in the Dutch North Sea at 
about 90 km from the Rotterdam coast and operated by Wintershall Noordzee B.V. 
The reservoir consists of three gas bearing formations of the Buntsandstein group. 
The total storage capacity is 22.6 MtCO2. The maximum injection rate which can be 
maintained varies according to the assumptions for permeability and injection 
temperature and pressure. Current estimates range from 1.6 to 2.2 Mt/yr. 
For the transportation of CO2 to the P06-AB field, a new pipeline has to be 
constructed that connects P06-AB to the P15-P18 facilities, as no such connection 
exists. Details of the P06-AB feasibility study can be found in a separate report 
[Pluymaekers et al, 2010]. 
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4.3.2 Viability of storage by 2015 – 2020 
The main finding of the pre-feasibility study concerns the integrity of abandoned 
wells, which is considered a major obstacle to safe and secure storage of CO2. 
P06-AB contains seven abandoned and two suspended8 wells. For five wells, high 
risks have been indentified with respect to long-term CO2 storage safety. 
 
In their current state, high-risk wells would require remediation in order to match 
safety standards that are sufficient for long-term geological storage of CO2. This 
would involve relocating and re-entering abandoned wells which is technically 
challenging and feasible only at high cost. 

4.3.3 Costs 
In principle, remediation of the high-risk abandoned wells could be solved by re-
entering the wells and installing new plugs. However, locating the wells beneath the 
sea floor and re-entering the wellbore is a technically challenging, high-risk and 
expensive operation. Costs are likely to be a multiple of the cost of drilling a new 
well. Typical costs of a new offshore well are about 30 M€. 
 
A cost approximation was made for the construction of a pipeline connecting to the 
P15-P18 facilities, which estimated capital costs of 100 – 250 M€, depending on 
flow rate and pipeline length and operating costs of the pipeline is 1.5 – 3 M€/year. 

4.3.4 Main conclusions 
In conclusion, the abandoned and suspended wells in the P06-AB field in their 
current state represent a serious risk to containment of CO2. Remediation of these 
abandoned wells does not allow for cost-effective storage of CO2 in P06-AB, and 
therefore storage in P06-AB is not advisable in the short term. 

4.4 Q08-A 

4.4.1 Introduction 
The Q8-A field is a small offshore reservoir (around 10 MtCO2 capacity) located 
within the proximity of the heavy industry complex at IJmuiden. The operator of the 
field, Wintershall Noordzee B.V., considered CO2 storage in this gas field in 2008 
and had initiated a feasibility study concerning the integrity of the Q8-A reservoir for 
long-term storage, consisting of the following activities: geological modelling, 
reservoir modelling, geochemical evaluation, evaluation of cap rock, fault and well 
integrity. 
 
Details of the Q08-A feasibility study can be found in a separate report [Hofstee et 
al, 2010]. 

4.4.2 Viability of storage by 2015 – 2020 
The field is currently depleted and gas production has ended. This implies that 
subject to conducting the required well workovers are connecting the existing 
pipeline to a CO2 source or CO2 transport infrastructure, the field would be available 
for CO2 storage by 2015. The storage capacity is estimated at 10 MtCO2 and an 
injection rate of 1 MtCO2 per year could be sustained. 

                                                      
8 A suspended well can be viewed as an abandoned well that is still accessible. 
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4.4.3 Time line of field development 
Although a feasibility study has been carried out as mentioned above, the original 
CCS project that instigated the assessment in 2008 has since been stopped. A 
connection between the on-shore terminal and a CO2 source (emitter) would need 
to be established. The overall timeline for development is estimated at 2 years; 
however this is heavily contingent on the operators’ intentions for the field. At this 
moment, insufficient details about the abandoned wells and the injection strategy 
are available to make a more reliable estimate of the development timeline. 

4.4.4 Costs 
Based on data from the operator the capital, operating and pre-injection costs were 
estimated at 18 M€, 1.8 M€/yr and 1.8 M€, respectively. It should be noted that 
these numbers have been estimated for a certain scenario; the costs do not include 
the costs associated with the connection of the on-shore terminal and the CO2 
source. For an injected volume of 10 Mt in a period of 10 years, the unit cost of 
storage is 3.8 €/tCO2. A breakdown of the costs is as follows: 
 
CAPEX 18 M€:   Work over wells 11.3 M€ 

Facility modifications offshore 3.2 M€ 
Pipeline (insulated) 1.8 M€ 
Pipeline inspection and modifications  1.8 M€ 

 
OPEX 1.8 M€/yr:  Platform and terminal operations 1.4 M€/yr 

Monitoring activities 0.4 M€/yr 
 
Pre-start up 1.8 M€: Includes abandonment of wells, base line monitoring 

4.4.5 Risks 
Injection in the Q8-A field by the first CCS projects in Rotterdam would require a 
connection to the CO2 emitter sources in Rotterdam. This would most likely imply 
access to the OCAP pipeline, which is currently used for the supply of CO2 to 
greenhouses. The OCAP pipeline runs from Rotterdam to Amsterdam) and could 
be upgraded to accommodate higher CO2 volumes. However, given this relates to 
an onshore pipeline, there is a risk in obtaining the necessary permits in the 
targeted timeframe. In addition to upgrading the existing pipeline, it is to be 
extended from its current end point near Amsterdam to the Q08-A terminal near 
IJmuiden. 

4.4.6 Main conclusions 
The overall conclusions of this study indicate that CO2 storage in the Q8-A field can 
be performed safely after an initial workover of the two production wells, provided 
that certain preventative measures and mitigating precautions are taken. 
Furthermore, the present Study has been conducted on the assumption that the 
reservoir is still at a low pressure of around 40 bar and that, in line with 
expectations, no significant aquifer influx has occurred during the years since the 
gas production was stopped. The current Study shows that the injection rate 
decreases after 9.9 years using the existing well completions and maximum tubing 
head pressure of 60 bar. In the event that another injection well is used or different 
completions or conditions, the scenarios used to compute injection rates need to be 
adjusted.  
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The spread in the predictions of seal- and fault integrity was rather wide, due to a 
limited amount of geo-mechanical input data. When more data would become 
available, the simulations can be better constrained. 
 
Based on these considerations, before the injection plans are finalized it is 
recommended to perform the following additional work: 

- Measurement of the current reservoir pressure in order to ensure that the 
aquifer has not filled up the reservoir. 

- Implementation of repair and recompletion recommendations on the wells 
in the Q8-A field, accompanied with an update of the reservoir simulation. 

- Performing an extended leak-off test, followed by an update of the 
geomechanical study. 

- Development of a plan concerning operational issues surrounding the start-
up of injection, which also accounts for the phase transformations of CO2. 

- Design of a monitoring programme to verify safe and efficient CO2 
containment in the reservoir. 

4.5 K12-B 

4.5.1 Introduction 
The K12-B gas field is located in the central part of the Dutch sector of the North 
Sea at a depth of about 4000 m. The K12-B gas field has been producing natural 
gas since 1987 and is currently operated by Gaz de France Suez (GDF Suez) E&P 
Nederland B.V. The natural gas has an initial CO2 content of 13%, which is 
relatively high. Since the start of the gas production the CO2 component has been 
separated from the natural gas stream on-site and since 2004 part of the separated 
CO2 is re-injected into the gas field, as part of a test of CO2 injection and storage.  
 
Storage capacity of the K12-B field is estimated at 25 Mt, while injection rates of 
1.2 Mt/yr/well are feasible. Using three existing wells in the field, injection rates of 
more than 3 Mt/yr can be reached. Enhanced gas recovery could also be an option. 
 
Details of the K12-B feasibility study can be found in a separate report [Nepveu et 
al, 2011]. 

4.5.2 Viability of storage by 2015 – 2020 
This field is not a short-term (end of 2015) option for CO2 storage. Although the 
efforts to prepare the field, the wells and the surface installations for CO2 storage 
are comparable to those for the P18 field, engineering work for the shipping solution 
has not been solved yet. Uncertainties remain about the injection conditions and the 
injection rates. 
 
Since 2004 CO2 injection and monitoring has taken place in this field, which has 
resulted in expertise and experience with GDF Suez. 

4.5.3 Time line of field development 
Given the current status of the field, of the shipping solution and of the engineering 
work of both onshore and offshore installations, it is estimated that the start of CO2 
storage in the K12-B field using ship transport can take place in the period 2015 – 
2020. Starting storage before the end of 2015 is not deemed likely. 
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4.5.4 Costs 
Assuming CO2 transport via ship the total cost for injection at the K12-B site is 
approximately 11.4 €/tCO2, including transport by ship, for an injected volume of 
25 Mt and a duration of 8 years. The storage costs alone are approximately 
4.6 €/tCO2. A breakdown of the costs is as follows: 
 
CAPEX 26.1 M€:   Work over 6 wells 18 M€ 

Facility modifications offshore (pipelines, platform) 8.1 M€ 
OPEX 32.5 M€/yr:  CO2 transport by ship 10.5 M€/yr 

Onshore facilities 10.1 M€/yr 
Turret (rent) 0.7 M€/yr 
CO2 injection 2.5 M€/yr 
Personnel costs, maintenance, monitoring, insurance 8.7 

M€/yr 
 
The unit cost of storage, without transport, includes only the personnel costs and 
the yearly cost of injection. 

4.5.5 Risks 
The field is located beneath several hundreds of meters of salt, an almost perfect 
seal. The only risk of CO2 migration out of the reservoir is along the well bores, 
however well bore monitoring can reduce this risk. All wells in the field are 
accessible, so any well workover that is required can be performed.  
 
A larger risk is present in the ship transport, which is the only option for short-term 
storage in the field. Ship transport in itself is a proven technology, also for CO2, but 
this is not true for injecting CO2 directly from the ship into the reservoir. Although 
sufficient pump and heating capacity can be installed on a CO2 tanker, there are as 
yet uncertainties about the behaviour of CO2 and the response of the reservoir in 
the early phase of injection. Minimum temperature and pressure conditions can be 
defined for the CO2 at the start of injection, to prevent freezing of the reservoir or 
the formation of CO2 hydrates, both of which can clog the reservoir. In addition, the 
injection rates in existing wells show that the required rates are close to the 
maximum that can be reached. 
 
These factors together suggest that a large-scale injection test is required, to test 
both the behaviour of the CO2 upon injection in a depleted field and the feasibility of 
injection directly from a ship. 

4.5.6 Main conclusions 
Ship transport and injection from the ship into the K12-B reservoir represent a 
significant risk. A large-scale test of injection at conditions relevant to ship transport 
is required to prove the feasibility of this option for the K12-B field. Once such a test 
proves the feasibility of transport and injection by ship, the detailed engineering and 
construction of the required systems (and ships) can start. If the test is performed 
on a short term, injection by 2015 might be possible. 
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4.6 Q1 

4.6.1 Introduction 
The oil fields in the Q1, located at about 100 km from the Rotterdam coast, block 
are close to the end of production, producing both water and oil. Water has been 
injected to optimize production from the fields. The water has been drawn from the 
saline formation in the crests of which are located the oil fields. As a result of these 
production activities, the pressure in the saline formation is now well below the 
hydrostatic (original) pressure. The voidage created by the production of water and 
oil can be used for CO2 storage. A preliminary estimate of the storage capacity of 
the saline formation is in the order of 100 Mt CO2, which is greater than P18, P06-
AB, Q08-A and K12-B, four previous fields analysed in Phase 2 of this Study, 
combined. In addition to the significant storage capacity, the saline formation can 
potentially accommodate high to very high injection rates (several megatonnes per 
well per year).  
 
These properties are sufficient to rank the Q1 formation among the most attractive 
options for CO2 storage in the P and Q blocks and to study its properties, options 
and limitations in more detail. The feasibility of storage in the saline formation was 
investigated in a limited feasibility study, the results of which are summarized 
below.  
 
Details of the Q01 feasibility study can be found in a separate report [TNO, to be 
published, 2011]. 

4.6.2 Viability of storage by 2015 – 2020 
If injection is targeted by the end of 2015, CO2 storage in the Q1 formation is not an 
option. The large extent of the saline formation, the presence of numerous wells, 
many of which have been abandoned and require careful assessment, the possible 
option to inject away from existing production locations, all imply a lead time that is 
longer than that of development of depleted gas fields. 
 
For the longer term, beyond 2016, storage in the Q1 formation may be an 
interesting option, as a result of its considerable storage potential. Production of 
saline formation water is also an option, which could further increase the field’s 
storage potential significantly.  

4.6.3 Time line of field development 
The timelines that have been sketched for P18 and Q08-A show that injection in 
those fields by the end of 2015 is feasible. Construction (and engineering) efforts for 
those fields consist of pipeline construction, platform conversion and workover of 
wells. Similar activities are expected for the Q1 formation. However, the injection 
strategy is expected to be determined by the presence of wells that have been 
improperly abandoned. If injection in or close to one of the existing oil fields proves 
not to be feasible, new injection platforms will be needed. This will increase the 
construction period by at least one year, compared to the case of the depleted gas 
fields; in addition, new wells will need to be drilled.  
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The Q1 formation has been drilled with numerous wells, a large fraction of which 
have been abandoned. It is likely that workovers are required for several of these, 
again depending on the location of injection. This will increase the construction 
time.  
 
It is assumed that storage in the Q1 formation is an option for injection beyond at 
least 2016.  

4.6.4 Costs 
Costs can not be estimated at this time, as a detailed feasibility study has not been 
completed. Depending on the location of the injection wells, there may be a need 
for a new injection platform and new wells. It is likely that workover of existing wells 
is needed and that some wells must be abandoned. The number of wells involved 
may be larger than that for the gas fields. 

4.6.5 Risks 
The primary risk factor is the integrity of the (many) abandoned wells in the 
formation. In principle, only the wells that come into contact with the CO2 plume in 
the formation give rise to leakage risk. A storage scenario is being developed to 
inject in an area of the formation that contains either no abandoned wells, or in 
which all abandoned wells are of good quality. This scenario has not yet been 
finalized.  

4.6.6 Main conclusions 
Storage in the Q1 saline formation is not an option for the shortest term. Due to the 
larger size of the formation, compared to the depleted gas fields also studied in 
Phase 2, and due to the fact that more wells (both abandoned and active) are 
involved, it is likely that the preparatory phase will take longer than that for storage 
in a depleted gas field.  
 
However, as the storage capacity of the formation is significant, larger than the gas 
fields discussed here combined, and that there are options for increasing the 
storage capacity, the Q1 formation should be considered a principal option for the 
medium term, from about 2020 onward. When a pipeline connection to the emitters 
in the Rotterdam and / or Amsterdam regions is available (for example to the coast 
near IJmuiden), storage in the Q1 formation may provide a solution for several 
decades after 2020. 
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5 Conclusion and recommendations 

Based on the results from Phase 1 and Phase 2, it is possible to come up with a 
preliminary ranking of the most attractive options for CO2 storage available to the 
first CCS projects in the Rotterdam area by the end of 2015.  

5.1 Options for storage by 2015 

In order, the best short-term storage options are: 
- P18 
- Q08-A 
- K12-B 

5.1.1 P18 
The P18 field has been identified as the best option for CO2 storage in the short 
term, due to its proximity to the Port of Rotterdam and the availability of an 
oversized pipeline, which is intended to be constructed as part of the ROAD project 
and would allow another emitter to share infrastructure. For a second emitter to 
have access to this field it is highly recommended that P18-2 or compartment III is 
made available for CO2 storage, which would depend on a successful workover of a 
diverted well and on whether or not the P18 field is fully or almost fully depleted by 
2015. A full recovery of the mother well would also allow for the use of the small 
and non-connected compartment III to overcome the time between the start of the 
injection and the depletion of the main P18-2 compartment. The capital cost of 
developing the P18 field, estimated at 165 M€, is expected to be covered largely by 
the ROAD project.  

5.1.2 Q08-A 
The second option is the Q8A field off the coast of IJmuiden. This field is further 
away from Rotterdam. This reservoir is fully depleted and connected to the shore by 
an existing pipeline. Access from Rotterdam would be possible through the OCAP 
pipeline, which will need to be upgraded from a low-pressure, gaseous phase 
pipeline to a high-pressure dense-phase pipeline, in order to be able to transport 
1.1 Mt/yr. Another issue is the required on-shore pipeline between the Wintershall 
terminal and the OCAP pipeline near Amsterdam. Furthermore, Wintershall 
indicated that they are planning to abandon the field. The costs for CO2 storage are 
relatively low and based on a 0.9 Mt/yr injection rate for 10 years.  

5.1.3 K12B: shipping 
While not part of the P & Q blocks which were the focus area of the Study, the K12-
B field is a reservoir in which CO2 is already being injected by an operator. The field 
is located below a thick layer of salt and all wells are accessible; these factors help 
to ensure safe and secure storage. A disadvantage of the field is the larger distance 
between the field and the Rotterdam emitters relative to the fields of the P and Q 
blocks, rendering a pipeline connection more expensive. Transporting the CO2 by 
tank vessel could be a solution, but, as both the tanker and the equipment to cool 
and compress the CO2 is still being designed, it is difficult to predict the ultimate 
costs of the injection. Another complication is the temperature at which the CO2 
reaches the field.  
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Even warming the CO2 using the sea water and subsequent compression in the 
injector may lead to temperatures, which are too low for the reservoir. A large-scale 
test is required to verify modelling results, before detailed engineering can start. 
These factors together make it less likely that this site will be available for storage 
by 2015. 

5.2 Options for storage beyond 2015 

Options for CO2 storage beyond the initial ‘demonstration period’ of 2015 – 2020 
have been identified with consideration to the extension of the first CCS projects in 
Rotterdam over time, transitioning into the next generation of storage sites. Such 
options include the following: 

Option Timing 
P15 cluster; Post 2020 
Q01 cluster and saline formation; Post 2020 
K and L blocks; 2030 – 2070 
UK sector; Post 2050 
Saline formations in the K and L blocks. Post 2050 

 
Some of these options have already been investigated to some extent, but most of 
the work required assessing these options as thoroughly as the P18, Q08-A and 
K12-B fields in Phase 2 of this Study remains to be completed. This is discussed 
further in the next section, which lays out the next steps towards the development of 
offshore CO2 storage options in the longer term.  

5.3 Next steps 

While the results described in this Study form the basis for CO2 storage by the first 
CCS projects in the Rotterdam harbour, additional studies are required to identify 
and assess the high-capacity storage sites to support the long-term needs of 
commercial CCS in Rotterdam. Options identified in this Study, and those listed in 
other recent studies, include those identified in the P and Q blocks and in the 
central part of the Netherlands offshore: 

1. P15 cluster 
2. Ship transport to the K12-B field 
3. The Q1 cluster and saline formation 
4. Central part of the NL offshore (K and L blocks) 
5. Options for connecting to UK sector 

5.3.1 P15 cluster 
The P15 cluster represents a storage capacity of about 40 Mt. The fields in the 
cluster are located close to the P18 cluster. The fields were screened and assessed 
at a high level as part of Phase 1 of this Study; however, a more detailed 
assessment of the wells and reservoirs has yet to be performed. 
 
The development timeline for the P15 cluster is 2025 and beyond, assuming the 
P18 cluster is used to its capacity of about 40 Mt and that the supply of CO2 from 
the Rotterdam harbour increases to about 5 Mt/yr by 2020.  
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5.3.2 Shipping, K12-B 
Transport by ship could be an interesting option for many offshore fields. Remote, 
or relatively small fields for which a pipeline connection may be prohibitively 
expensive, might be used for CO2 storage where ship transport proves to be both 
technically and economically feasible. With most of the preparatory work done in 
the framework of the Phase 2 K12-B feasibility study, the logical next step is a test 
injection with significant volumes at conditions (pressure, temperature, flow rate) 
relevant for injection from a ship. Such a test will produce the validation required to 
support CO2 transport by ship for CCS on a large scale. If this test is undertaken by 
the end of 2011 and proves the feasibility of ship transport and injection, there might 
be sufficient time for engineering and construction to integrate the shipping solution 
in CCS by 2015. 

5.3.3 Q1 block options 
Significant storage capacity exists in the Q1 block, in depleted gas fields (Q01-B), 
as well as in the saline formation that also contains the oil fields (> 100 Mt). A 
limited feasibility study of the Q1 saline formation was part of Phase 2 of this Study, 
which highlighted the abandoned wells that penetrate the formation as possible 
sources of risk for secure storage, as well as a number of wells for which no 
information on their sealing capacity is available. The results obtained in the Study 
are not sufficient to draw definitive conclusions regarding the feasibility and cost of 
storing in the Q1 formation.  
 
Given the storage capacity of at least 100 Mt, the feasibility and cost of storage in 
the Q1 formation must be investigated in detail.  

5.3.4 Central part of the NL offshore (K and L blocks) 
The central part of the Netherlands offshore (K and L blocks) represents the larger 
part of the offshore storage capacity; recent reports estimate the storage capacity at 
about 800 Mt. This storage becomes available after about 2020 and provides the 
means to accommodate the long-term volumes of CO2. An effort similar to the 
present Study is required for this offshore area.  
The development timeline for the K and L blocks is (roughly) 2030 – 2070. 
 
An option that is worth considering is the utilisation of the salt cap to increase the 
CO2 storage capacity. The thick and laterally extensive salt layers that are present 
in the central part of the Netherlands offshore have formed an almost perfect seal to 
natural gas. Depleted gas fields form the first options for storage, but below the salt 
layers storage capacity may not necessarily be limited to the gas fields. The 
possibility of increasing the storage capacity by utilising the saline formations that 
contain the gas fields should be investigated, to create storage space similar to that 
found in the Q1 saline formation. If successful, enormous storage capacity might be 
possible. 

5.3.5 UK sector 
The UK sector of the North Sea contains large gas fields, as well as extensive 
saline formations. The storage capacity in the southern UK part of the North Sea, 
adjacent to the central part of the Netherlands offshore, is of the order of several 
gigatonnes of CO2 (Vangkilde et al, 2009). By 2050, production in most of the gas 
fields will have been ceased. These structures could provide the storage capacity 
on a long term (beyond 2050 – 2070). 
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The timeline for sub-salt storage or connecting the UK sector is post 2050. 
However, in case connecting to UK offshore CCS infrastructure proves to be a cost-
effective option, preparations need to start well in advance, to ensure compatibility 
of infrastructure and to put in place the necessary agreements. 
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A CO2 storage options 

The options for storing CO2 in the subsurface include depleted gas fields, depleted 
oil fields and saline formations (salt-water bearing formations). These three options 
cover the bulk of the capacity for storing CO2 in the subsurface. Other possibilities, 
which are not primarily focused at storing the CO2, include using CO2 for increasing 
the production of gas or oil from (nearly) depleted gas or oil fields: enhanced gas 
recovery (EGR) or enhanced oil recovery (EOR).  
 
In principle, all of the above options are available in the P and Q blocks. Their 
feasibility and viability depend on the properties of the hydrocarbon fields or the 
water bearing formations and are discussed below. A general discussion on each of 
the options is given. The most realistic of the options, with limits arising from the 
available fields and formations in the P and Q blocks leads to the approach taken in 
the present study. 
 

A.1 General requirements for geological storage of CO2 

Any subsurface storage site must have, at least, the following properties: 
- Depth  larger than 800 – 1000 m. This requirement arises from the need to 

store CO2 in a dense phase. Above pressures of about 73 bar (the critical 
pressure for pure CO2), the CO2 is in a dense phase. Below this pressure, 
CO2 is in a gaseous phase and its density is significantly lower, resulting in 
a highly inefficient use of pore space. The depth at which the phase 
changes from gaseous to dense phase depends on the local temperature 
gradient, so no single threshold depth can be given. 

- Storage capacity  must be large enough to render investments economical. 
A large reservoir leads to lower unit cost of storage, as the investments for 
developing the site (such as platform, wells, monitoring) can be spread over 
a larger amount of CO2. Again, a threshold can not be given, as the local 
situation defines the cost of developing and operating a storage site. A 
typical lower limit of the storage capacity of depleted gas fields used in 
recent studies is 5 Mt (NOGEPA, 2008, 2009).  

- Seal: the storage reservoir must retain the CO2 for geological periods of 
time. This implies the presence of a sealing layer on top of the reservoir 
formation. Hydrocarbon fields have retained natural gas for millions of years 
and will generally be suitable for storing CO2 (although this must be tested). 
Production and exploration wells each represent a breach of the integrity of 
the seal and require special attention. 

 
There are, of course, other requirements for storage sites, some of which are 
discussed for the P and Q block fields in this report. The above three are among the 
foremost to be checked in a regional screening study and are used below to define 
the set of feasible storage options in the P and Q blocks. 
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A.2 Storage options 

A.2.1 Depleted hydrocarbon fields 
CO2 storage in depleted hydrocarbon (hc) fields is generally considered the best 
option in the short term. Advantages of storing CO2 in depleted hc fields include 
rapid availability (the period between end of production and start of injection can be 
short), low cost and high level of knowledge of the reservoir. 
 
The time line from end of production to start of injection can be as short as one 
year, in which the conversion can be made of platform(s) and wells from production 
to injection. Re-using existing installations (platform, wells, possibly pipelines) can 
limit storage costs. A further advantage of depleted hc fields is that the level of 
knowledge of the fields is generally high, resulting in a relatively low risk level. The 
exploration and production phases have produced information about the reservoir 
that can be used to predict its behaviour during injection. The presence of 
hydrocarbons proves the sealing quality of the cap rock, but a test is always 
required to prove that it is impervious to CO2 (in case of a salt seal this test can be 
straightforward). In the case of gas fields, the lack of water in gas fields results in a 
lower risk of corrosion or degradation of the casing and cement, compared to the 
case of injection in saline formations. 
 
For gas fields, if the field is not connected to an active aquifer, or, in other words, if 
the gas field is located within a small aquifer compartment, the pressure in the 
reservoir upon production end can be as low as about 10 – 20% of the original 
pressure. This is true for most, but not all, of the depletion-driven gas fields in the 
North Sea: these fields are produced to levels of the order of 80 – 90% of the initial 
gas in place. The storage capacity for CO2 is derived from the volume of gas 
produced; the uncertainty about the storage capacity is low.  
 
CO2 storage in oil fields has been a subject of research for the North Sea fields for 
several years, with the main focus on enhanced oil recovery (EOR). Oil production 
is done in several phases. The first phase is primary production, during which 
compaction of the reservoir provides pressure support to drive out the oil. When 
compaction drive is exhausted, during secondary oil production water is injected to 
maintain pressure drive. This is done in oil fields in the North Sea; this has also 
been done in the oil fields in the Q1 block.  
 
Oil fields are generally not the first option for storing CO2, i.e., without the added 
goal of producing additional oil. As in the case of gas fields, the storage capacity for 
CO2 follows from the net volume of fluids produced (oil, water). Due to water 
injection during secondary production, the relative storage capacity of oil fields is 
smaller than that of gas fields. However, if the oil field is located within a large 
aquifer, the aquifer structure might be an option (see below, under ‘saline 
formations associated with hydrocarbon production’). 
 
While existing wells might be re-used for injection to reduce cost, these also 
represent the highest risk factor. Previously abandoned wells can disqualify 
depleted hc fields, when the wells were abandoned long time ago (due to different 
mining law rules) or when the sealing quality at cap rock level is uncertain or 
inadequate. Abandoned wells can, generally, only be re-entered at high (even 
prohibitive) costs to repair deficient plugs. 
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At the end of production, reservoir pressure can be below the threshold pressure for 
dense phase CO2 injection. This may have the consequence that CO2 injection 
must take place in the gas phase, resulting in lower injection rates, until elevated 
reservoir pressure allows dense phase injection. 
 
The re-use of existing installations for injection is feasible only within a limited 
period after the end of production. At that time, installations tend to have reached 
the end of their design lifetime, and prolonging their use for the duration of injection, 
typically 10 to 20 years, requires investments. If the start of injection does not follow 
directly on gas production, installations can be mothballed. Hibernation is estimated 
to be feasible for a period up to about 10 years (EBN – Gasunie, 2010). The 
feasibility of hibernation must be assessed for each field separately; general 
conclusions about re-use and hibernation can not be drawn. Once CO2 storage is 
started in a significant number of depleted hc fields, will it be possible to derive 
more generally applicable rules of thumb regarding these issues. 
 
Summarising, the advantages and disadvantages of depleted hc fields are: 
Advantage Disadvantage 

- Short lead time to injection 
- Good seal 
- Good knowledge of reservoir and 

of behaviour of CO2 in reservoir 
- Low uncertainty in storage 

capacity estimate 
- Lower risk of corrosion and 

cement degradation, due to lack 
of water around injection well 
(applies to gas fields) 

- Abandoned (if any) wells 
represent risk 

- Cost of hibernation of 
existing installations when 
capture does not follow 
directly on to end of 
production 

- Possible injection rate 
limitations during the early 
phase of injection (due to low 
initial reservoir pressure) 

 
A.2.2 Saline formations associated with hydrocarbon production 

The previous section applies to hydrocarbon fields in relatively small compartments 
of a deep geological formation. In case the compartment of the saline formation is 
much larger than the size of the hydrocarbon field(s), i.e., in the case of 
hydrocarbon caps, storage in the formation itself becomes an option. In the case of 
oil fields, the storage space created in the saline formation used for the water 
needed for secondary oil production can be used. In both cases, the production of 
the hydrocarbons or water has led to significant knowledge of the saline formation. 
An example of a saline formation with oil caps is located in the Q1 block. 
 
Advantages and disadvantages of storing in these saline formations are similar to 
those listed for depleted hydrocarbon fields, if existing installations can be re-used 
(lead time, cost of conversion) and if the CO2 will migrate into the hydrocarbon caps 
(seal quality). An additional advantage can be that formation pressure is probably 
above the threshold for injection of dense-phase CO2. This removes the need for an 
initial gas-phase injection period (which could be required for depleted gas fields), 
with its associated investments. It is noted that the majority of current CO2 storage 
projects use saline formations. 
 



TNO report | TNO-060-UT-2011-00809 

ISA - Rotterdam Climate Initiative 

 45 / 48

 

 

A disadvantage of storing in a saline formation, even if it associated with hc 
production, is that generally a larger area must be investigated, to prove the quality 
of seal and wells and to predict the migration of the CO2 plume. The larger area 
generally implies that a larger number of wells must be checked and that the 
conversion from production to injection will take longer and will required higher 
investments. 
 
Summarising, the advantages and disadvantages of storing in a saline formation 
associated with hc production are: 
Advantage Disadvantage 

- Short lead time to injection 
- Good seal (in case of hc 

caps on a saline formation) 
- Good knowledge of 

reservoir and of behaviour 
of CO2 in reservoir 

- Low uncertainty in storage 
capacity estimate 

- Abandoned (if any) wells 
represent risk 

- Usually more wells present 
than in gas fields 

- Cost of hibernation of 
existing installations when 
capture does not follow 
directly on end of production 

- Large volume of saline 
formation to be investigated 
and monitored 

A.2.3 Virgin deep saline formations 
The (theoretical) storage capacity of saline formations is by far the largest, both on 
a European scale [e.g., Vangkilde-Pedersen et al., 2009] and on a global scale 
[e.g., IPCC, 2005; IEA, 2009]. On a North-West European scale, the estimated 
storage capacity in saline formations is an order of magnitude larger than that of 
gas fields (about 300 Gt vs. about 20 Gt) [Neele et al., 2011b]. 
 
Offsetting this advantage of storage capacity is the general lack of information 
about the identified ‘virgin’ (i.e., not associated with hc production) saline formation 
structures. The structures listed in the Geocapacity database are generally not 
associated with hydrocarbon production or other subsurface activities. As a result, 
there is little and sometimes no direct information on the properties of the 
formations. Most of the storage capacity estimates for deep saline formations (DSF) 
are based on basin-wide analyses and for each basin, such estimates need to be 
verified by detailed analyses of the local geology. For each of the candidate saline 
formations, the reservoir properties relevant for CO2 storage (such as permeability, 
porosity, presence of faults, and presence of a CO2-tight seal) must be mapped in 
detail. The effort required is similar to oil and gas exploration. 
 
Storage capacity in deep saline formations can be generated in two ways. The first 
is to compress (saline) formation fluids and matrix to create space for CO2: the 
injected CO2 increases the formation pressure. At present, there are no guidelines 
for acceptable pressure increase levels, but 10 – 20% currently used. Pressure 
increase must not induce fracturing of the formation or of the cap rock. With such 
limited pressure increase, an order of magnitude storage capacity is at most 1% of 
the pore space in the DSF compartment9.

                                                      
9 A ‘compartment’ refers to the hydraulically connected space that is affected by the injection 
well(s). Faults can limit this space. As an example, in the North of the Netherlands, the gas fields 
are located in strongly compartmentalised formations (small sections), while the Utsira Formation 



TNO report | TNO-060-UT-2011-00809 

ISA - Rotterdam Climate Initiative 

 46 / 48

 

 

A simple calculation can illustrate the area required to store a significant volume of 
CO2. Using the 1% rule, to store 100 Mt of CO2 would require a saline formation 
with an area of about 25×25 km² (see footnote10). 
 
Another option for DSF storage is to produce the formation fluids to create storage 
space for CO2. This is currently not being done in virgin saline formations. As in this 
process significant storage space can be created, the cost of additional wells might 
not be a problem. The advantage of this approach is that, theoretically, the storage 
capacity of DSFs can be increased significantly. The location of injector and 
producer wells can be chosen so as to control the location of the CO2 bubble in the 
reservoir.  
 
The timeline for any of the virgin saline formation structures in the Geocapacity 
database to move from their current status of prospective structure for CO2 storage 
to structures with tested and proven storage capacity is long. Typical activities 
include: 

- Screening study to identify the best options (several months); 
- Storage feasibility analysis of the best option(s), including geological 

modelling, risk analysis, reservoir modelling; all based on available data 
(several months); 

- permit application for exploration(typically one year or longer); 
- Drilling one or more exploration wells to acquire data from cores and well 

logs, and to perform well tests to measure injection rates and formation 
volume (two years); 

- Update geological models, storage capacity, injection rates, injection 
strategy and cost models based on results from test well (several months); 

- Environmental assessment (one year); 
- Permit application for injection (two years); 
- Design and construction of platform(s) and drilling of wells (two years). 

 
An estimate of the time required for any of these activities is indicated. It is noted 
that only few can be done in parallel. With this activities list not being exhaustive, it 
is reasonable to assume that no virgin DSF structures currently identified are likely 
to contribute to proven storage capacity before 2020.  
 
Summarising, the advantages and disadvantages of storing CO2 in saline 
formations are: 
Advantage Disadvantage 

- Capacity can be huge (but 
storage capacity depends 
on size of compartments);  

- Usually few or no existing 
wells (low risk) 

- Long lead time to injection 
- Usually little or even no 

direct knowledge of 
formation 

- Large uncertainty about 
reservoir quality, storage 
capacity, injection rates 

- Seal presence and quality to 
be proven 

                                                                                                                                        
used by the Sleipner CO2 storage project contains few faults (it can be considered one huge 
hydraulically connected space). 
10 For this estimate, a clean sandstone is assumed, with a thickness of 100 m, porosity 20% and 
CO2 density of 750 kg/m³. 
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- Storage installations must be 
constructed (large 
investments needed)  

A.2.4 EGR, EOR 
Enhanced hydrocarbon recovery can be done through injection of CO2 in gas or oil 
fields. The advantage of EOR and EGR is the revenue from the hydrocarbons 
produced. It should be noted, however, that neither of these applications of CO2 is 
aimed at storing the CO2. In both cases, there is a lead time to starting EOR or 
EGR, as existing installations must be converted to handling the additional CO2 
stream. Due to the higher complexity compared to the case of only storing CO2, the 
lead time is probably longer. 
 
EGR 
Enhanced gas recovery through injection of CO2 is an option, but is less common 
than EOR. Gaz de France is currently conducting a small-scale study of EGR in its 
K12-B field. Apart from that project, EGR is not considered for the offshore (or 
onshore) gas fields in the Netherlands. As noted above, gas fields are typically 
produced to 80 – 90% of the gas initially in place, which leaves little benefit for 
EGR, given the costs attached to converting installations to handle the additional 
gas stream. On most platforms, installations are not suited for handling CO2 and 
should be replaced to enable EGR. 
 
EOR 
When secondary production of oil is no longer producing sufficient oil, oil field 
installations can be converted for tertiary production, which uses injection of other 
substances (like CO2) to produce additional oil; this is currently being studied for the 
large North Sea oil fields. Awan et al. (2008) give an overview of current and 
planned EOR projects in the North Sea. For the large North Sea oil fields the 
volumes of CO2 are significant (estimates of the required volumes of CO2 of up to 
2 GtCO2 have been published; see Holt et al., 2009) and EOR is seen by some as a 
possible driving force behind CCS. However, there are only few specific plans for 
developing EOR for the North Sea oil fields; it is likely that large-scale EOR will 
evolve only after transport of CO2 to DSF or gas field storage has been realised. 
  
EOR has been done on a large scale in the Texas oil fields, where many thousands 
of kilometres of pipelines have been constructed to bring CO2 from natural CO2 
reservoirs to the oil fields. 
 
Tertiary production with CO2 typically produces, or is expected to produce, of the 
order of 5 – 12% additional oil (Gozalpour et al, 2005; Holt et al., 2009). This 
suggests that, assuming CO2 – EOR is feasible, 5 – 12% of the pore space would 
be available for CO2 storage. 
 
As mentioned above, tertiary EOR is aimed at oil production, not CO2 storage. 
Ensuring safe and secure storage in an oil field generally requires more effort, 
compared to a gas fields. Oil fields usually have more wells, each of which must be 
checked and monitored. An important aspect is whether an oil field is amenable to 
production with CO2. This depends on the type of oil and reservoir temperature and 
pressure, and the volume of oil that can be produced additionally. 
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Summarising, the advantages and disadvantages using CO2 for EGR or EOR are 
(in addition to those listed above for gas and oil field storage): 
Advantage Disadvantage 

- Benefit of additionally 
produced oil or gas can help 
develop CCS 

 

- Lead time longer than for 
storage only 

- Uncertainty about the start of 
EOR in the North Sea 

A.2.5 Other options 
Other options to store CO2 include salt caverns, empty coal mines and coal beds. 
Apart from their limitations in capacity or maturity of the technology, none of these 
options is a short-term option in the North Sea. 
 

A.3 Summary of storage options 

The above brief overview of CO2 storage options can be summarized as follows.  
 

- Lead time. The best option for short-term storage is storage in depleted 
hydrocarbon fields. The time between end of production and start of 
injection can be of the order of one year. Except for the conversion of 
pipelines, platform and wells, preparatory activities can be done while the 
field is still producing. The lead time for storage in DSFs associated with hc 
production is likely to be longer than that for individual hc fields, as in 
general more work is required to study the larger formation volume. 

- Cost. With existing installations that can probably at least partially be re-
used for CO2 injection, hydrocarbon fields provide the cheaper option (at 
least for the short term). 

- Risk. Again, hydrocarbon fields provide the lowest-risk storage option. The 
much higher level of direct knowledge of reservoir properties, compared to 
virgin DSFs, results in a much higher confidence level of the storage 
capacity and injection rates. 

- Storage capacity. It is likely that in the long term the larger storage capacity 
is to be found in virgin DSFs. However, the uncertainty in current storage 
capacity estimates is large and a significant effort is required to test and 
prove the capacity of each DSF structure. When large DSF are identified 
and developed, economies of scale may render these more cost effective 
than depleted gas fields. 

 
 


