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Executive Summary 

Titel : CO2 storage capacity assessment methodology 
Auteur(s) : F.P. Neele, Manuel Nepveu, Cor Hofstee, Wouter Meindertsma 
Datum : March 2011 
Rapportnr. : TNO-060-UT-2011-00810 
 
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 
and a description of the methodology applied. 
 
The methodology described in this report contains the steps to be taken in the 
identification (screening), detailed study and estimation of the cost of development 
of a CO2 storage site: 
- A screening study to study all CO2 storage options available, using the timing 

and volume of the CO2 from the source as the key parameters. The result of 
the screening study is a shortlist of the best options. Storage options are not 
studied in detail in this phase; typically publicly available data are used. 

-  A storage feasibility study of the best option(s), to identify any obstacles to 
safe and secure storage. In this phase of the storage capacity assessment, 
sites are studied in detail, with all available data, both public and confidential (if 
possible). The nature of obstacles, if any, determines whether storage at a site 
is economically viable. In most cases, removing an obstacle to enable safe and 
secure storage increases the cost of storage. 

- When storage at a site is considered technically feasible, a field development 
plan can be set up. This plan is a timeline of the further development of a field, 
including the basic and detailed engineering of the installations required, the 
construction and, finally, the start of injection. The engineering efforts 
described in the field development plan include all actions required to remove 
the obstacles to safe storage identified in the storage feasibility study. 

- The detailed field development plan is used to estimate the costs of storage. 
Cost estimates can be taken from literature, but more site specific estimates 
are obtained from operators and contractors. 
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1 Introduction 

1.1 Background 

In early 2010, TNO Built Environment and Geosciences (TNO) was contracted by 
the Rotterdam Climate Initiative (RCI) to conduct an Independent CO2 Storage 
Assessment (ISA) 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.  
 
The ISA 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 ISA 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 reader is referred to Neele et al. [2011a] for a further and more detailed 
description of the backgrounds of RCI and of the ISA. The present document is part 
of the ISA study and outlines the methodology used in the ISA. 

1.2 Scope of report 

This report presents an overview of the methodologies used in the screening for 
and performing feasibility studies of CO2 storage options. The report describes the 
work to be done for the development of a CCS project, with a focus on the storage 
end of the CCS chain. The report covers the work from the first screening for 
storage options and storage locations, leading up to the first investment decision 
that follows after a successful storage feasibility study.  
 
Developing carbon capture and storage (CCS) projects is a process that spans 
many years, counting from the first screening study for storage options, to the start 
of capture, transport and injection. While the capture part of CCS has received the 
most attention in recent years, being the most capital intensive element of the CCS 
chain, CO2 storage could well be the element in the chain that takes the longest to 
develop. Especially when deep, virgin storage reservoirs are used, the time to 
develop a site can be many years. This report describes the different steps in a site 
selection, characterisation and development workflow. 
 
This workflow was used for the Rotterdam Climate Initiative (RCI), to help identify 
storage options close to the Rotterdam harbour and propose the best options for 
storage of CO2 in the period 2015 – 2020. In this report, the emphasis is on the 
workflow, rather than on the results.  
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The results are published in separate reports: a summary of the results [Neele et 
al., 2011a] and a series of reports on detailed storage feasibility studies for a 
number of sites [Hofstee et al, 2010; Nepveu et al., 2011; Pluymaekers et al., 2011; 
Vandeweijer et al., 2011a, 2011b]. 
 
Section 2 shows a graphical representation of the workflow and discusses briefly 
the different elements, which are discussed in more detail in sections 3 through 6. 
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2 Workflow overview 

The workflow used in screening and feasibility studies for CO2 storage is shown 
graphically in Figure 2.1. 
 
The first step in searching for storage option is a screening study, in which an 
inventory of available options is made (top of Figure 2.1). The result is a short list of 
sites that meet the screening criteria. One or more of sites on the short list are 
selected for closer analysis in a site characterisation study: a detailed analysis of 
the feasibility of safe and secure storage of CO2 in a given site.  
 
The site characterisation study is represented by the rest of the figure. The large 
box contains the activities related to the modelling and analysis of the geological 
storage site. A number of loops are made explicit in the figure. The result of the site 
characterisation study is then fed into a quantitative risk assessment (right-hand 
side of the figure). If this assessment is positive, next steps include setting up a 
monitoring plan, a site development plan and a high-level cost analysis.  
 
The remainder of this report discusses the workflow, divided into the following 
elements: 

1. Screening for storage options. The first step is to identify the options for 
storing CO2, using the volume and timing of CO2 from the capture plant as 
a target. Section 3 lists, in general terms, the options for CO2 storage.  

2. Storage feasibility analysis. Once a potential site is selected, the feasibility 
of storing CO2 must be analysed. This is the subject of a storage feasibility 
study, outlined in Section 4, which uses all existing data to investigate the 
risks to safe and secure storage. Both public data and, if possible, 
confidential data from the field operator, is used. 

3. Field development plan. The results of a feasibility study can be used as 
input for a description of the work to be done to prepare a site for CO2 
injection. The work can range from a complete development of new 
installations and wells, to re-using and converting existing (production) 
infrastructure. A typical field development plan, applied to the conversion of 
a depleted gas field, is presented and discussed in 5. 

4. The cost of storage is a key indicator of the feasibility of storage at a given 
site. Section 6 lists the sources of cost data that are typically used. The field 
development plan serves as input to the cost analysis. 
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Figure 2.1  CO2 storage screening and site characterisation study workflow. The top of the figure (from 
“START” through “Select site”) represents the screening study, while the rest of the figure shows the 
workflow for a site characterisation study. Elements of the workflow are discussed in the sections 
indicated.  
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3 Screening for 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).  
 
The pre-selection phase is implemented in the RCI study as Phase 1, in which all 
options for storing CO2 in the offshore region near Rotterdam were analysed. The 
screening was done on the basis of existing data. Phase 1 resulted in the 
recommendation of a number of storage options (depleted gas fields) that merited 
closer scrutiny in Phase 2. 
 
The feasibility and viability of available options 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 below. Ramirez et al. (2010) 
present a method to rigorously order storage options for the Netherlands, based on 
publicly available data for gas fields, oil fields and deep saline formations. Below, a 
more high-level discussion is given of the different storage options and their relative 
merits. 

3.1 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. 
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Other requirements follow from the supply of CO2: timing and rate. 
- Injection rate : while a storage site must be able to store a given amount of 

CO2, the yearly volume that can be stored also determines the feasibility of 
storage. This is not a geological property of the reservoir, unlike the first three 
requirements given above, but partly depends on specifics of the CO2 storage 
project. Injection rate depends on such parameter as pressure in the reservoir 
and (surface) pipeline, number and type of wells used. Although geological 
properties play a role, injection rate is largely an economical parameter. 

- Availability : the storage reservoir must, of course, be available in time for 
storing CO2. 

 
There are, of course, other requirements for storage sites, some of which are 
discussed in this report. The above five are among the foremost to be checked in a 
regional screening study. 
 
Injection rate, as it is determined largely by economic factors, is discussed in 
section 3.3.. 

3.2 Storage options 

3.2.1 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 given by 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 
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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.  
 
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 reservoir 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). 
 
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 caprock level is uncertain or 
inadequate. Abandoned wells can, generally, only be re-entered at high (even 
prohibitive) costs to repair deficient plugs. 
 
At the end of production, reservoir pressure can be below the threshold pressure for 
dense phase CO2 injection. This may have the consequence that measures must 
be taken to avoid freezing of the near-well region or formation of CO2 – hydrates, 
until elevated reservoir pressure allows dense phase injection [see, e.g., Oldenburg, 
2006; Vandeweijer et al., 2011a]. This may result in lower injection rates in the first 
phase of 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. Mothballing is estimated 
to be feasible for a period up to about 10 years [EBN – Gasunie, 2010]. The 
feasibility of mothballing must be assessed for each field separately; general 
conclusions about re-use and mothballing 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 mothballing of existing 
installations when capture does 
not follow directly on to end of 
production 

- Possible injection rate limitations 
during the early phase of injection 
(to avoid adverse cooling effects 
because of rapid expansion of 
CO2, due to low initial reservoir 
pressure) 
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3.2.2 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.  
 
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. 
 
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 mothballing of existing 
installations when capture 
does not follow directly on end 
of production 

- Large volume of saline 
formation to be investigated 
and monitored 

3.2.3 Virgin deep saline formations 
The 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.  
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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. Exceptions to this rule are saline formations in areas with 
hydrocarbon fields and saline formations associated with hydrocarbon production 
(previous section).  
 
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 compartment1. 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 footnote2). It is to be emphasised that after injection of 100 Mt of CO2 the 
pressure in the entire formation volume is elevated (by 10 – 20%). 
 
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). 

                                                      
1 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 
used by the Sleipner CO2 storage project contains few faults (it can be considered one huge 
hydraulically connected space). 
2 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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An estimate of the time required for any of these activities is indicated. It is noted 
that only few can be done in parallel.  
 
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 

- Storage installations must be 
constructed (large investments 
needed)  

3.2.4 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 field3. As noted above, gas fields in the Netherlands onshore and offshore 
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 no longer results in 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 [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. 
  

                                                      
3 For more information, see www.k12-b.nl. 
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EOR has been done on a large scale in the Texas oil fields, where many thousands 
of kilometers of pipelines have been constructed to bring CO2 from natural CO2 
reservoirs to the oil fields. In Europe, CO2-EOR is done in Hungary. It is currently 
not being investigated by the operators of the oil fields in the Dutch continental 
shelf. 
 
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. 
 
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 

3.2.5 Other options 
Other options to store CO2 include salt caverns, empty coal mines and coal beds. 
These options have limitations in capacity and maturity of the technology and 
neither is relevant for large-scale storage of CO2. 

3.3 Injection rate 

Injection rate is an important parameter for CO2 storage sites. Injection rates 
depend on various factors, such as the pressure at the well head, the permeability 
of the reservoir rock, the size of the tubing in the well, the number of injection wells. 
Although geological properties play a role, the injection rate that is used during is 
basically an technical, and therefore economic decision. As a result, injection rate is 
not a fixed parameter, but can only be computed after the (technical and economic) 
basis has been defined. Nevertheless, in the screening Phase 1 of the Study, 
injection rate was computed and used as a screening parameter. 
 
Appendix A describes the model that was used in Phase 1 of the Study. This is a 
technical-economical model of a depleted gas field or saline formation, which, 
based on the geological properties of the storage reservoir, results in a description 
of the activities during the injection phase. This description includes the duration of 
the injection, the injection rates, the timing of adding an additional injection well. 
From the timing and the cost of the different activities, the total (discounted) capex 
and opex of the injection project can be estimated.  
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In Phase 2 of the Study, more advanced and detailed models of the storage 
reservoirs were used to derive these same results. This is described in Section 4. 

3.4 Summary of storage options 

The above brief overview of CO2 storage options can be summarized as follows.  
- Hydrocarbon fields. Advantages are potential short time between the end of 

production and start of CO2 injection, high level of knowledge about the 
reservoir, existing installations that may be re-used. 

- Saline formations associated with hydrocarbon production. Saline formations 
associated with hydrocarbon production share the advantages of hydrocarbon 
fields, although their larger extent results in a longer lead time to start of 
injection, due to a larger area to be investigated, and usually more wells to 
check. An additional advantage is the potential for increased storage capacity 
through production of the formation. 

- Virgin saline formations. These structures represent the larger part of the 
theoretical storage capacity, but their storage capacity remains to be tested and 
proven. Advantages are the potentially large capacity and the absence of wells. 
Disadvantages include the long lead time to start of injection, as the structures 
must be explored first. 
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4 Methodology of storage feasibility analysis 

4.1 Introduction 

Detailed storage feasibility studies were performed in Phase 2 of the RCI project for 
a number of depleted gas fields and one saline formation. A feasibility study 
addresses those aspects of storage that are relevant for the safe and secure 
storage of CO2. The highest-risk issues are generally addressed first, so as to 
identify the most important barriers to storage as soon as possible. 
 
A storage feasibility study must address all elements of the EU Storage Directive 
[2009], plus any other aspects of storage required by national regulations. The 
steps in the process are described in some detail in the sections below. 
 
1. Geological feasibility study (Section 4.2): 

- First quick analysis of available data (section 4.2.1); 
- Qualitative risk assessment: based on available data, an analysis is to be 

made (typically in form of a workshop) of the risks to safe and secure 
storage. This will provide the basis for the remaining elements in the study 
(section 4.2.2) 

- Geology: building of a geological model of the reservoir, the geology 
between the surface and the reservoir, and parts of the geology adjacent 
and below the reservoir (section 4.2.3)); 

- Geomechanics: analysis of the pressure levels involved in storage, in 
relation to the strength of the reservoir, cap rock and of the likelihood of 
faults being reactivated (section 4.2.4); 

- Geochemistry: analysis of the geochemical interactions among CO2, fluids 
and the reservoir (section 4.2.5); 

- Well integrity: analysis of the sealing quality of all wells in the storage 
system at the cap rock level (section 4.2.6) 

- Reservoir engineering: analysis of injection rates, injection strategy, given 
the pressure limits from the geomechanics study (section 4.27) 

- Flow path modelling: analysis of the regional migration of CO2, in case of, 
e.g., crossing spill points (section 4.2.8). 

 
As indicated in Figure 2.1, an iteration or feed-back loop exists between the detailed 
analyses in the different areas of expertise (indicated by the box ‘New data?’). An 
example of this feed-back can be found in the history match of hydrocarbon 
production, which often results in adaptations to the static geological model. These 
adaptations must be included in the static model, as well as in all of the derived 
models. Several of such feed-back loops or iterations exist and are represented in 
the single arrow in Figure 2.1. 
2. Quantitative risk assessment: analysis of the risks involved in storing CO2 

safely and securely. In this second risk analysis step, results from the previous 
study elements are considered (section 4.2.9). This element is placed outside 
the box ‘Site characterisation study’ in Figure 2.1, as it falls outside the scope of 
geology and geophysics. It is of course closely related to the activities inside 
the box. 
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3. Monitoring (section 4.3): setting up of a plan for the monitoring of injection and 

storage during and after the injection period. Monitoring is risk-based, i.e., its 
focus is on elements of the storage site identified in the risk analysis to have the 
highest risk. These elements have been identified in the quantitative risk 
assessment. The models developed during step 1 will be used during and after 
injection to compare monitoring data with model predictions. This will lead to 
updates of the models, to adaptations of the injection strategy, as well as to 
identification of ‘significant irregularities’, as mentioned in the Storage Directive. 

4. Site development plan (discussed separately in section 5): depends on the 
injection strategy and the existing surface use and installations (e.g., number of 
sites, number of wells, possible re-use of existing installations). 

5. High-level cost estimate: discussed in section 6 with application to the ISA 
study.  

 
Table 4.1 lists the elements of item 1, along with the aspects of safe and secure 
storage that is addressed in each element. The following section describes in detail 
the activities in each element of a feasibility study. 
 
It should be emphasised that each proposed storage location has its individual 
characteristics, as a result of which intertwining of the various steps in the study 
might be necessary. The particularities of each storage site results in different 
emphasis placed on the different steps in the feasibility study. In the present text we 
will not unduly stress this, but instead give the broad picture.  
 
The individual characteristics of each storage site also require a full feasibility study 
to be undertaken for each site. Although the geological properties of nearby and 
similar sites may be similar and some results from one site study might apply to a 
neighbouring site, most elements of a feasibility study must be done for each site. 
As an example, the integrity of all wells must be checked for each site. 
 
Table 4.1 Elements of a CO2 storage feasibility study (left column) and the aspects addressed in each 

element. This list applies to item 1 in the list given in Section 4.1 

Feasibility study elements Storage aspects addressed 
Geological model building: 
Static geological model of reservoir, cap 
rock and overburden  

Containment: 
- Reservoir structure and size 
- Spill points 
- Faults 

Geomechanical analysis Response of reservoir and cap rock to 
injection and storage pressure  

Geochemical analysis Response of reservoir and cap rock to 
injection with CO2, long-term effects 

Reservoir engineering  Injection rates, injection strategy 
Risk analysis Risks in storage system to safe and 

secure storage 
All models developed in feasibility study Used during and after injection: 

- update models with new data 
measured 

- adapt injection plan according to 
monitoring data and updated 
models of the reservoir and 
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overburden 
- identify irregularities and take 

corrective measures 

4.2 Site characterisation 

The various issues that we describe all have the overall goal to give a 
characterisation of the site in various aspects. In fact, when these issues are 
worked a first go / no go moment presents itself. The elements of a feasibility study 
address the aspects that affect the safe and secure storage of CO2. 

4.2.1 Quick analysis 
This step is introduced to identify major risk aspects, showstoppers, or insufficient 
data before the detailed work is started. An example of potential ‘early’ 
showstoppers is the presence of one or more abandoned wells for which no 
information is available about the sealing quality of the plug and cement sheath. 
These and other risk aspects should be identified as early as possible. 

4.2.2 Qualitative Risk Assessment 
A first risk assessment is made after a first, brief analysis of the data available. In 
effect, this QRA is a go / no go decision point.  
 
This risk assessment is qualitative in nature, as no detailed analysis has been done. 
After the static modelling, dynamic modelling etc, as described in the following 
sections is completed, a more quantitative risk assessment can be performed; the 
latter is described below, in Section 4.2.8 
 
This risk assessment is usually done by a group of experts, covering the expertises 
described in sections 4.2.3 through 4.3, the future operator of the storage site and 
the regulating authority. Risk aspects and areas identified already at this stage are 
to be assessed in terms of their impact on safe and secure storage, their 
monitorability and possible mitigation options (the mitigation aspect is made explicit 
in Figure 2.1). If risk aspects or areas can be monitored, their impact on safe and 
secure storage can be made manageable.  
 
As Figure 2.1 shows, a possible outcome of this risk assessment is that the site under 
consideration is discarded. A next step could be to select the next site from the 
short list from the screening study and start the site characterisation process again.  

4.2.3 Geological assessment 
This activity starts with collecting data – acquiring new data if needed – in order to 
make a geological picture of the site and its immediate vicinity. The data will come 
from wells and will largely be contained in the various geophysical logs and core 
and rock samples. Seismic surveys will come in as well. Broadly speaking this 
represents a combination of local, high-resolution data and global low(er) resolution 
data. sedimentological and structural work must now lead to building a 3D static 
geological earth model. This model must show where geological traps can be found 
that can be used to contain the CO2. The usefulness must then be corroborated by 
further steps and the 3D earth model acts as a vehicle for exactly these steps. Of 
course such models are used in the hydrocarbon industry in the quest for oil and 
gas, but now the emphasis is a little different. Cap rock and overburden are much 
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more of an issue, since one of the main reasons for all modelling is the performance 
of a good risk analysis. In the case that the site is a depleted hydrocarbon field lots 
of data are already available, but still the shifted emphasis may require particular 
data not previously (i.e. in the hydrocarbon production phase) deemed important.  
As a result of the shifted emphasis more attention must be paid to the formations 
above (overburden) and adjacent to the reservoir (side burden). It is essential to 
know the extent of pressure communication between the reservoir and adjacent 
formations, as that directly affects injection rates and storage capacity. 
 
The workflow for constructing a static earth model consists of several steps. The 
following list is indicative of typical activities: 
1. First of all, mapping the overall structure and layering of the study area. This is 

done through interpretation of a number of key stratigraphic horizons in seismic 
data.  

2. Mapping of faults from seismic data. 
3. Refinement of layering in the storage compartment, based on geological 

(sedimentological) correlation of well logs. 
4. Mapping of faults, also from seismic data, and building a fault model.  
5. Conversion of the continuous geological model into a discretised block model, 

to allow population of the volume with geological, chemical and physical 
properties.  

6. Assigning sedimentological (e.g. facies, grain size) and petrographical 
information (rock components, porosity, cements) to the wells and propagating 
this information into the storage container (i.e., into the reservoir, the cap rock 
and the overburden). The information is derived from well logs and cores (rock 
fragments from the drilling process). 

 
In Figure 2.1 the box representing this step in the workflow is made larger, to 
emphasise that the construction of a geological model is the first step in site 
characterisation. Steps following the static model building are discussed below, in. 
sections 4.2.4 through 4.2.8. As shown in the figure and mentioned above, it is 
likely that the static geological model is to updated, following detailed analysis in the 
field of, for example, reservoir modelling. Detailed analysis of the geomechanical, 
geochemical and dynamic behaviour of the storage complex will, apart from 
predicting the behaviour of the complex in these respective fields, have the effect of 
creating an internally consistent set of data. Internal consistency of all available 
data will be achieved through several iterations; the feed-back loop present in Figure 

2.1 illustrates this. 

4.2.4 Geomechanical assessment 
It is important to assess the sealing capacity of faults. While sealing faults form a 
pressure barrier, permeable faults allow fluids to migrate through the fault plane. 
Storage capacity and injection rates depend of the properties of faults in the storage 
system. Compartmentalization is a key input in the earth model, as it will lead to 
rapid pressure increase and demands for a relatively high number of injection wells. 
 
The sealing capacity of faults and the response of reservoir and cap rock to CO2 
injection can be assessed by analysing the regional stress field and by comparing 
the strength of the formations with the pressure increase during injection. Leak-off 
test can be used to estimate the regional stress level. 
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The following aspects are important in performing geomechanical modelling: 
• Accurate mapping of fault networks, especially small, localized areas of intense 

faulting, e.g. on structural crests, requires high-quality 3D seismic data. 
Identification of fracture networks is much more difficult and requires cored 
sections and borehole image logs. As fracture networks are often associated 
with faults, studying the relation between faults and fractures may help 
predicting the presence and/or orientation of fracture networks in undrilled 
areas. 

• For use in geomechanical studies the earth model must be much more 
extensive than a conventional (oil and gas) reservoir model and include 
reservoir layers, caprock, overburden, underburden, sideburdens and faults 
with estimated inclination and aerial extent. For accurate modelling the model 
should extend up to tens of kilometres beyond the edge of the storage 
compartment and an underburden should be included typically up to twice the 
depth of the storage compartment. 

• All differentiated layers must be characterized in terms of material properties 
(e.g. elasticity modulus etc.). These can be derived from laboratory tests and 
well logs or if no site-specific data is available these can initially be based on 
general conservative values or a range of possible parameter values, which are 
based on analogue studies. 

4.2.5 Geochemical assessment 
Geochemical analysis of lithologies and pore fluids in storage container, cap rock 
and overburden is required to assess the likelihood of precipitation of CO2 after 
injection (e.g. as carbonate precipitates) or CO2-controlled dissolution. 
 
The following aspects have to be considered in performing geochemical modelling: 
• If the mineral compositions of the storage compartment, caprock or overburden 

do contain a large proportion of CO2-reactive minerals, 2D or 3D reactive 
transport modelling might be needed. Potential dissolution of framework grains 
or intergranular cements, or the precipitation of authigenic minerals, may affect 
porosity, and especially permeability. Since both the lithological composition 
(grains) and diagenetic character (cements) may show lateral variation on a 
kilometre scale, the assignment of these properties should be studied at the 
appropriate resolution and requires input from cored sections. 

• Because the reactivity of CO2 is dependent on the pore fluid chemistry of the 
storage compartment and the overburden, the earth model should be populated 
with pore fluid properties based on well measurements to facilitate geochemical 
modelling. Since pore fluid properties under most conditions are not likely to 
show lateral variations over distances of a few kilometres, this can be done on 
a large-scale. However, in the vicinity of e.g. large faults or salt domes pore-
water chemistry may show lateral variation, and a smaller modelling scale may 
be appropriate, dependent on the situation at hand. 

• The nature of fracture or fault filling minerals must be assessed, since the 
sealing potential of faults transecting the reservoir or overburden may be 
reduced as a result of CO2 induced dissolution. 

• To avoid the risk of decreasing sealing potential in response to dissolution of 
carbonates, the carbonate content of sealing formations should be accurately 
studied and incorporated in the earth model, in particular if these formations are 
fractured or faulted. 
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4.2.6 Well integrity 
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, especially for offshore wells. 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.  
 
In this part of the feasibility study, well logs of all wells are studied to assess the 
sealing quality of the wells at the cap rock level from the quality of the cement layer. 
Usually, existing well logs are used4. 
 
Wells are generally regarded as the source of highest risk for safe and secure 
containment. Wells that have been plugged and abandoned represent the highest 
risk wells, as these are difficult to re-enter in the case of insufficient sealing quality 
at the cap rock level (generally leading to high-cost site development). Therefore, 
well integrity is the first aspect of a storage site that is analysed in a storage 
feasibility study. In case problems are identified in abandoned wells, these can be 
discussed with the client and the study can be adjusted if required. 

4.2.7 Storage dynamic behavior 
A suitable reservoir model needs to be able to predict all relevant aspects of the 
injection process. 
1. Determining injectivity, storage capacity and technical feasibility under 

constraints of reaching threshold parameters of the maximum allowable 
reservoir pressure, arrival at spill point or other limitations. 

2. Evaluating containment on the short term (period during operations and after 
closure until transfer of responsibility to a governmental authority) 

3. Evaluating containment on the long term including the fate and transport of CO2 
in the storage compartment. In principle, the models used in Step 2, could also 
be used for long-term simulations involving interactions with the aqueous 
phase. In case processes such as long-term dissolution, fate and transport in 
the aqueous phase and mineralization are considered to be important, 
dedicated specialized models should be used. 

4. Providing input data for the risk assessment such as seal and fault integrity 
(see Section 4.2.8))  

5. Predicting the increase of pore-pressures as function of time and location; 
6. Displacement of formation fluids such as brine in aquifer, of natural gas in 

depleted gas field or of crude in oil reservoirs. 
 

                                                      
4 It is recommended to run state-of-the-art logging tools in old wells to obtain an up-to-date status 
of the sealing quality of the wells, prior to the start of injection. 
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Depending on the storage compartment and its specific complications a choice can 
be made between models ranging from simple analytical tank models to fully 
compositional reservoirs models such as Eclipse, STOMP, TOUGH II etc as is done 
for hydrocarbon reservoirs. In some cases thermal simulation capability is also 
required. Coupled modelling is required for describing mutually dependent 
processes, which control the physical behaviour of the injection stream in the 
reservoir. 
 
Table 4.2 Data required for reservoir modelling. 

Data type Use 
Composition of the CO2 injection stream To assess reactions between 

CO2 and reservoir matrix 
Planned injection rates from operator Used to predict pressure levels 
Static geological model Distribution of geological 

properties 
Well configuration Used to predict behaviour of 

CO2 in reservoir and pressure 
distribution 

Hydrocarbon production data Used to compute injectivity 
Correct description of the pVT behaviour of 
CO2 or mixtures containing CO2 in particular 
near critical point 
• Density 
• Viscosity 

Determines behaviour of CO2 
in reservoir 

Accurate temperature profile of reservoir Determines properties of CO2 
 
Whenever assumptions are required, conservative values should be used. In case 
input parameters or boundary conditions are uncertain, multiple simulations may be 
required. In the Table 4.1 we find the data required in the modelling. 
 
Two comments are in order. The first relates to data paucity, the second to 
sensitivity analysis. 
a) Feasibility studies into the underground storage of CO2 often suffer from a lack 

of data and other information. For instance, the number of wells from which the 
data come is by definition limited and well data have restricted spatial 
“influence”. It is therefore necessary to make assumptions. In general it can be 
said that whenever these assumptions have an impact on the risk, it is 
important to use assumptions that actually favour the occurrence of the 
“undesired” events and processes. After all, the purpose of this whole suite of 
activities is to put the model to a severe test. When more information becomes 
available (for example from additional measurements or monitoring data during 
the injection) and is included in the modelling, predictions on safety should 
generally become more reliable. This often occurs with predictions concerning 
the mechanical integrity of the seal, which tend to improve after the actual 
minimum in-situ stress of the formation has been determined, e.g. after an 
extended leak-off test. 

b) Sensitivity studies involve modelling a scenario several times changing certain 
parameters within a natural range. The spread within the group of outcomes 
can predict whether or not a parameter or related process is important for the 
risk assessment of a CO2 injection site. This is clearly mandatory if parameters 
or processes are unknown or uncertain. 
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In cases where uncertain parameters or processes turn out to be dominant, 
basically two approaches can be pursued: 
Deterministic modelling by applying the most unfavourable assumptions as 
described above. 
Probabilistic modelling; to increase the speed of modelling various scenarios, it is 
possible to combine all important parameters into a complete set of non-
dimensional numbers, drawing upon Buckingham’s PI-theorem5 (that warrants the 
number of independent non-dimensial numbers present in the problem at hand).  

4.2.8 Flow path modelling 
While the injection strategy must aim to retain the CO2 within the reservoir, an 
analysis must be made of the migration of CO2 when it should cross the boundaries 
of the reservoir, such as at a spill point or along a fault. A regional geological model 
is required, which can be obtained from combining seismic data, well logs, location 
of existing faults, and background geological information. 
 
The migration of CO2 from the reservoir is started by assuming that CO2 migrates 
out of the reservoir at a specific exit point. Such exit points can be faults, spill points 
or well bores. A number of exit points is to be used, to obtain a good coverage of all 
possibilities.  
 
The resulting migration paths are then combined with the estimated likelihood of 
occurrence of migration out of the reservoir at a given exit point, to obtain a (3D) 
map of most likely migration paths. In the case of depleted gas fields, the location of 
neighbouring fields often gives clues as to the likelihood of certain migration 
scenarios. Shallow gas pockets, often visible in seismic data, constitute another 
clue to the existence of migration paths through the overburden. As a final example, 
gas plumes in the ocean or pock marks in the sea bed (detectable with echo 
sounding) point to gas travelling through the subsurface to the sea bed and 
atmosphere.  
 
The migration paths can be used to assess the efficacy of the overburden in 
retaining the CO2 (such as through secondary seals) and to predict the locations 
where CO2 might collect or leak to the atmosphere (in case of migration all the way 
to the surface). This information is key input in the development of the monitoring 
plan, as these locations are logical sites for monitoring any migration out of the 
reservoir. 

4.2.9 Quantitative Risk Assessment 
Before a proper risk assessment can take place the assessment basis has to be 
defined, i.e. what type(s) of risks are we actually assessing? For site 
characterisation purposes it has to be assessed whether injected CO2 is likely to 
remain stored. And if leakage does occur, whether this might have serious 
consequences for Health, Safety and Environment (HSE) in concrete 
circumstances. [We note in passing that in all kinds of “official” documents risk 
assessment in connection with CO2storage is always interpreted on the basis of 
HSE. However, for a site operator economic risk is important and he might require a 

                                                      
5 See, for a recent paper on the theorem, e.g. Harche-Olsen (2004). 
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risk assessment on this basis as well as on HSE issues. This aspect is usually 
treated somewhat differently, by financial-economic specialists.] 
In the following we describe the basics of risk assessment as developed at TNO in 
connection with site characterisation. 
 
The starting point is risk identification and qualitative evaluation. This is a crucial 
phase in risk assessment and should preferably be performed very early in the 
process of site characterisation and assessment even before collection of site data 
starts. This approach leads to a better focused process.  The main risks that we can 
define a priori are these: 
• CO2 migration via the seal, fault or well or laterally via e.g. a spill point possibly 

leading to impact on humans, animals and vegetation or to degradation of 
water quality; 

• Brine displacement possibly leading to degradation of the quality of fresh 
groundwater; 

• Ground movement, either seismic or a-seismic possibly leading to damage of 
infrastructure. 

 
Let us now focus on a practical approach of this matter. The following information 
sources should be used where available: 
• Existing databases with risk factors (e.g. FEP databases, F=Features, 

E=Events, P=Processes) 
• Expert elicitation via workshops or via the web 
• Supporting screening and ranking tools 
 
The selection of experts should be such that all involved disciplines are well 
covered. Expert judgment is used in identifying which risks and technical issues are 
relevant and which are of less importance. Among the experts one should have 
several that are knowledgeable on site-specific aspects. It is important to note that 
co-operation of several experts with different backgrounds will likely counteract 
tunnel vision and is the best remedy against “overlooking something”. 
Subsequently, the relevant risks and technical issues are further investigated. The 
identified and screened risks should then be clustered in one or more scenarios, 
which describe possible ways of CO2 migration to the biosphere, displaced brines 
or ground movement. The most critical scenarios should be identified for further 
quantitative evaluation in the risk assessment proper. This means that HSE domain 
experts must be involved. Actually, it is essential they should be involved right from 
the start, when risk identification takes place. 
 
At the end of the site characterisation the original assessment basis and risk 
identification and risk identification established should be re-iterated, because the 
site characterisation may result in new findings on potential failure mechanisms 
(e.g. newly identified faults, imperfections in the seal etc.) Note, again, that by the 
qualitative risk assessment early in the process the steps of a technical 
geoscientific nature described earlier are acquiring more focus. For example, if the 
qualitative analysis by the ensemble of experts provokes serious questions on the 
faults as possible “flow conductors” this will induce reservoir engineers in computing 
scenarios that take this uncertainty into account.  
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4.3 Monitoring plan 

Monitoring is a crucial component for risk mitigation and takes place in all phases of 
the life-cycle of a storage site, except maybe the very early exploration phase. The 
EU Storage Directive [EU, 2009] therefore includes a number of provisions on 
monitoring and lists the following purposes of monitoring: 
• To compare actual and modelled CO2 behaviour and formation water 

behaviour. 
• To detect significant irregularities, i.e., differences between expected and 

measured behaviour of the storage complex. 
• To detect CO2 migration, i.e., out of the storage reservoir. 
• To detect CO2 leakage, i.e., into the atmosphere. 
• To detect adverse effects for the environment (in particular drinking water), for 

human populations, for users of the surrounding biosphere. 
• To assess effectiveness of any corrective measures taken. 
• To update the assessment of safety and integrity of the storage complex in 

short- and long term, including assessment of whether CO2 will be completely 
and permanently contained. 

 
There are also monitoring requirements in connection with the CO2 stream to be 
injected, but here we only deal with monitoring related to site characterisation and 
the above bullets. 
 
A monitoring plan, as produced to the competent authorities for authorisation, must 
be risk-based. That is, the monitoring must address the occurrence of potential 
flaws, and “irregularities”. An irregularity is defined as an event not expected in view 
of modelling results of the site “in good working order”. Monitoring is also an 
important tool in order to obtain extra data for updating knowledge of the site. In the 
EU Storage Directive monitoring is mentioned explicitly as an auxiliary activity for 
modelling. 
 
Obviously a monitoring plan is site-specific, taking into account the risks as 
identified and modelled in the previous working phases. But a monitoring plan is 
also site-specific in that the techniques used have to yield trustworthy results. For 
example, investigating the area below a gigantic salt dome with seismic methods is 
not likely to yield anything of much worth. 
Methods and instruments must be matched with the concrete risks that must be 
monitored. Furthermore, the desired spatial resolution must be determined, as well 
as the frequency with which measurements have to take place. 
 
Finally, monitoring efforts will vary between the different phases of the injection: 
baseline monitoring before injection starts, relatively intense monitoring during 
injection, a lower level of monitoring after injection is stopped and a low level of 
efforts during the 30-year period mentioned in the Storage Directive. For each of 
these phases, a monitoring plan is to be developed. 
In the ISA study, monitoring programs were developed for the different phases of 
the injection, taking into account the requirements from the EU Storage Directive 
[2009] and recent reports from the North Sea Basin Task Force [NSBTF, 2009]. The 
P18 site characterisation study report contains a list of monitoring techniques that 
could be deployed during the different phases of storage [Vandeweijer et al., 
2011a]. 
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5 Developing CCS projects 

When the storage feasibility study finds no obstacles to safe and secure storage of 
CO2, a detailed estimate can be made of the work involved in developing the site for 
storage, as well as of the cost of storage. This chapter contains a brief overview of 
all required steps before CO2 injection can take place in a hydrocarbon field. This 
includes information on the key risks at each step along the process and the go / 
no-go decisions involved. The development plan contains three decision gates, 
where the project is evaluated and has to be approved of in order to enter the 
following phase in the site development plan. At the end of the chapter, a timeline of 
the site development plan is included. 

5.1 Timeline overview 

Table 5.1 displays a concise overview of the different steps involved in the project; 
the steps are further elaborated below. The table also provides the projected dates 
on when certain steps in the process are expected to be finished. It is important to 
realize that indications of timing are variable and very sensitive to changes in for 
instance commodity prices of oil or metal. In addition, the duration of such tasks as 
workovers of wells and modification of platform(s) depends on the number of wells 
involved and the type of platform. The task duration given in the table is indicative, 
using one medium-sized platform and 6 wells.  
 
Table 5.1 Timeline overview for converting a hydrocarbon field to storage site. Duration is indicative. 

  Task Duration  
1. Feasibility study and high-level cost estimate (±40%) 6 months 
2. Concept selection 1 month 
 Decision gate 1 – 
3. Environmental Impact Assessment (EIA) 1 year 
4. Option on reservoir – 
5. Apply for funding 1 – 3 months 
6. Apply for licenses  1 year 
7. Pre-FEED6: design infrastructure, conceptual design 6 months 
 Decision gate 2 – 
8. FEED: design infrastructure (detailed cost statement, ±15%) 1 year 
 Decision gate 3 – 
9. Contract signing  – 
10. Engineering,  procurement and construction (EPC) 6 – 9 months 
11. Construction: well workover and abandonment 6 months 
12. Construction: platform modification 1 year 
13. Construction: pipeline 6 months 
14. Construction: onshore facilities (compression, pipeline) 6 – 9 months 
15. Tie-in work and commissioning 3 months 
16. Baseline monitoring 3 months 
17. Handover – 
18. Start injection – 

                                                      
6 FEED: front-end engineering and design: high-level design of installations. (Elements of) the 
installations are designed in detail and constructed in the EPC phase by subcontractors. 
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The timing of the activities shown in the table is sketched in Figure 5.1. The figure 
shows the timeline for an offshore gas field, and takes into account that most of the 
offshore work must be done during the summer period. With an optimistic estimate 
of the duration of most of the tasks, the total duration of field development for CO2 
storage, from the start of the feasibility study to the start of injection is five years. 
The conversion of onshore depleted gas fields is likely to be shorter. 

5.2 Decision gates 

Three decision gates are defined (see Table 5.1): 
1. The decision to apply for funding, such as the NER300 funding or any national 

funding. The funding documents will be based in part on the results from the 
feasibility study. 

2. The second decision gate is projected when the allocation of funds is 
published. Assuming that the project is granted subsidy, this decision will be 
also be based on the results from a pre-FEED analysis, both economic and 
engineering feasibility. The cost of the project will be available with an 
uncertainty of about 20%. 

3. The third and final decision gate is foreseen when a FEED study is finished 
and cost estimates are available, with an uncertainty of 10%.  

5.3 Detailed timeline overview 

1. Feasibility study and high-level cost estimate ( ±40%) 
This step is Phase 1 part of the Independent Storage Assessment. During this step, 
the outline of the project is defined. It also includes setting the scope of the project 
and defining the requirements, implications, benefits and drawbacks of the project. 
 
Furthermore, the stakeholders and their involvement and commitment should be 
identified. Stakeholders include various layers of the government, emitters, 
operators and civil society and research institutes. 
 
In a later part of this step, possible storage sites for the project are outlined. The 
requirements of the sites and their suitability should be determined, based on a 
preliminary survey of the options. An assessment is made of the required data for 
making a more detailed analysis of the suitable sites and constructing a business 
case, which is the next step of the project. This data includes geological, seismic 
and economic parameters of the sites. Other aspects that can be addressed in such 
a screening study include hydro-geological, socio-economical aspects; it depends 
on the scope of the screening study which set of screening parameters is used.  
 
The feasibility phase should result in the main risks and limitations of transport and 
storage at a selection of sites. This should also include limitations on injection rates, 
requirements of number of wells and well sizes, the possibilities on the transport via 
shipping or pipelines. The requirements on the injection operation strategies are 
analyzed in the pre-feed and deed phases. The ideal order of studies is starting with 
the reservoir injection engineering and well integrity study, followed by the 
conceptual engineering work. 
One of the results from this step is a preliminary cost estimate with a margin of 
uncertainty of the order of 40%. 
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Key risk  
Data is difficult to obtain and often incomplete. The data necessary for assessing 
the feasibility of CO2 storage may not be available (such as data on the overburden 
or the sealing formation), as they may not have been collected during the 
production of hydrocarbons (in the case of depleted hydrocarbon fields). There are 
also large uncertainties involved, which should be accounted for. 
 
2. Concept selection 
This step entails the study and selection of the concept from the different options of 
the feasibility study for a specific field. This step focuses mainly on the technical 
aspects of the field, making sure the capacity of the fields is adequate and the seal 
will not leak.  
 
This step results in the selection of a site and the development of a concept for CO2 
storage at this location. This accounts for all aspects of the project, including 
capture, transport, injection and storage. 
 
Decision Gate 1 
This decision gate follows the first steps of the timeline. This decision gate marks 
the continuation of the project and allows the other steps to commence. This also 
means that more funding has to be committed to the project. Criteria in this step:  
− Geological factors: capacity, injectivity, containment; 
− Environmental impact indicators, safety; 
− Public awareness; 
− Costs. 
 
3. Environmental Impact Assessment (EIA) 
Environmental Impact Assessments play an important part in project development. 
The EIA is done based in part on the results of a feasibility study (step 1). A 
successful EIA is one of the requirements to start the process of obtaining various 
licenses. The duration of obtaining an EIA after the application is typically between 
6 and 12 months, but for large projects this can take up to a year and a half. 
 
4. Option on reservoir 
In this step an option is taken on a field, to guarantee the availability of the storage 
site by the time that licenses are in place. 
 
Key risk  
Difficulties in negotiations between operators can delay or impede this procedure. 
 
5. Apply for NER300 funding 
The NER300, which is a financing instrument from the European Commission for 
CCS projects, defines the deadlines of the ISA project. The regulation was 
published in November 2010, with a deadline for application in the Netherlands at 
February 9, 2011. 
 
6. Obtain licenses (national coordination ruling) 
During this step, the licenses required for capture, transport, injection and storage 
of CO2 should be acquired. There are up to ten legal procedures involved, with a 
typical duration of around 2 years.  
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In order to facilitate this process and reduce the amount of time involved in 
administrative procedures in large scale energy projects, the Dutch government has 
started an initiative called the “Rijkscoördinatieregeling” or the “National 
Coordination Ruling”, as it is called in English. Responsibility for the coordination of 
this process lies with the minister of Economic Affairs (EL&I) because the Mining 
Act is the foremost applicable law for offshore CO2 storage. Table 5.2 shows the 
different phases involved in this process. 
 
Storage license 
The underground storage of materials requires an appropriate permit from the 
Dutch Minister of Economic Affairs, Agriculture and Innovation. The procedure to 
apply for such a permit is outlined in chapter 3 of the Mining Act. Article 1.3.4, 
appendix 1 and appendix 2 of the Mining Decree contain a summary of the 
information that must be provided with a permit application. 
 
Outside the territory of the State, i.e., more than 12 nautical miles from the coast, a 
MER (Dutch Environmental Impact Assessment) is not needed. Environmental 
regulations are governed by the Dutch Mining Act, Decree and Regulation, the EU 
Directive, the London Protocol and OSPAR. 
 
Table 5.2 Overview of the different phases in the “National Coordination Ruling”. 

Pha
se 

Details 

1 The initiating party reveals its plans concerning a large scale energy project to the 
Minister of Economic Affairs, Agriculture and Innovation. The law determines which 
projects fall under the national coordination ruling. 

2 The ministry determines whether they will provide a “regional” decision and prepare that 
decision after consultation with both the initiating party and  the concerned authorities. 

3 “Agentschap NL” investigates in collaboration with the initiating party and the concerning 
authorities, which licenses and exceptions are required for the project.  

4 The initiating party asks for all licenses and exceptions to the concerned authorities. The 
coordinating minister discusses a common planning with the various parts of 
government. 

5 The concerned authorities collaborate closely and come to their concept decision. The 
aforementioned minister also (if so decided) arrives at a concept “rijksinpassingsplan”. 

6 The concept decisions are bundled and released  for public review. During the review 
period, everybody can object (in writing). One or more information session are organized 
in which further feedback can be provided. 

7 The authorities process the advice and the feedback, after which the decision are made 
final. 

8 The final decisions are again bundled and released for review. Interested parties can 
object against these decisions, mostly directed to the Council of State (in Dutch “Raad 
van State”) 

9 The department administrative justice of the Council of State comes to a verdict on the 
appeal against one or more of the decisions. In case of project with a national urgency7, 
this happens in a single ruling, within 6 months after receiving  appeal of the concerning 
authorities. 

 

                                                      
7 The corresponding Dutch regulation is ‘Rijksinpassingsplan’. 
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The time needed to obtaining the required licenses is uncertain.  
 
Key risk 
The most important risk is a delay in the permitting procedures. Because CCS is a 
novel topic in legislature, involving long-term effects and international treaties and 
hence responsibilities, unexpected delays could occur in obtaining the required 
licenses. This can jeopardize the progress of the project. 
 
7. Pre-FEED 
The design phase is generally divided into a pre-FEED and FEED (Front End 
Engineering and Design) phase. The pre-FEED phase concerns the definition of the 
(transport and storage) system, defining pipeline diameters, transport pressure, 
compression requirements.  
 
The pre-FEED phase validates the feasibility study, defines the project philosophies 
and the safety aspects. This phase also includes the full description of injection 
strategies and procedures such as start-up, shut downs etc. At the end of the phase 
the system has been designed to a level that allows detailed engineering of the 
subsystems, such as compressors, pipelines, platform facilities. 
 
The FEED phase is dedicated to the basic engineering and to the cost evaluation 
(CAPEX and OPEX), as well as the preparation of all technical documents that will 
constitute the EPC bid package, in order to launch and international tendering for 
the EPC realization: 
a) Design of CO2 capture infrastructure 
b) Design of CO2 transport infrastructure from source to storage site 
c) Design of CO2 injection and storage infrastructure  

 
Decision Gate 2 
At this decision gate, the Pre-FEED study is complete and the procedures for 
obtaining the required licenses have been set in motion. The project should be 
evaluated based on current knowledge before proceeding to the FEED, and 
investing more time and resources. Criteria in this step: 
- Cost, now available to ±20%; 
- Technical feasibility; 
- Possibly the progress in obtaining licenses. 
 
8. FEED 
The FEED phase concerns the breakdown of the transport and storage system into 
its building blocks. These building blocks, which are now complete in terms of the 
requirements and interfaces, can be tendered out to contractors, who will perform 
the detailed design and construction. It has been estimated that this phase (only for 
transport and storage) takes approximately 4000 hours. The results are a detailed 
design at the sub-system level, plus a detailed cost estimate (±10%). 
 
a) Detailed engineering study 
During this phase, the detailed engineering is performed. 
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This includes the following aspects: 
• workovers of wells (new tubing, downhole equipment, well head retrofit); 
• modifications to the facilities platform (well head and downhole equipment 

control systems, removal of installations); 
• pipeline; 
• onshore facilities. 
 
b) Detailed cost statement 
The FEED step provides a costs statement, including details on all costs associated 
with complete design of the project. It requires previous steps as input. This step 
includes preliminary cost estimates with a margin of error of ± 10%. 
 
Decision Gate 3 
Once the FEED study is complete and detailed costs are available, the final 
investment decision can be made. The decision concerns the procurement and 
construction and subsequent operation of the project. At this decision gate, the 
majority of the preparatory work is finished. By this time, all risks should be clear 
and appropriately managed. When this decision gate is passed, the actual 
implementation of the project is set in motion. 
 
Criteria in this step: 

- Cost, now available to ±10%; 
- Practical feasibility. 

 
9. Contract signing 
This step entails acquiring the project site and assuring commitment from emitters 
by means of contracts, following a positive outcome of the decision gate. 
 
Key risk  
The large financial interests involved in the oil and gas business and the insecurities 
of CCS make it difficult to accurately establish the market value of a (depleted) gas 
field and its facilities. This could make negotiation between stakeholders difficult. If 
no satisfactory agreement is reached, the project can be severely jeopardized. 
 
10. Procurement 
This step contains the procurement of all required elements for the project. The 
long-lead items need to be ordered as soon as possible (potentially in the previous 
project phase if allowed). This includes materials, such as pipelines, heaters and 
compressors for platforms, equipment, such as ships and drilling platforms and 
workforce. Renting a rig is an important part of the procurement phase.  
 
Key risk  
Because the procedures are so costly and time consuming, it is not uncommon in 
the oil and gas industry to have equipment and workforce reserved for years in 
advance. A key risk is the availability of required materials and workforce for a 
sustained period, which would significantly delay the project.  
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11. Construction: well abandonment and workover 
During steps 11 through 14, the actual construction is performed. This includes the 
installation of infrastructure onshore (pipelines, compressors, heaters, etc.), and the 
conversion of platforms and equipment and workover and (re-)abandonment of 
wells. 
 
Work on a single well takes between 4 to 10 weeks (either workover or 
(re-)abandonment). A well workover essentially installs the equipment and 
installations needed for injection of CO2. This usually consists of a new tubing, 
downhole equipment (such as pressure and/or temperature sensors, possibly a 
downhole valve or screen) and installing new wellhead systems. A breakdown of 
the activities could be: 
- Pulling of tubing (using rig) 
- Improve the cement sheath (if necessary): 
- Perforate casing near poorly cemented area. 
- Perform pressure integrity test 
- Squeeze cement if necessary 
- Seal the created perforation in casing 
- Install downhole equipment 
- Install new tubing 
 
Planning of the well workovers and laying of the pipeline will require contract 
singing at least a year before the actual work due to the long procurement periods. 
This means that contracts need to be signed in 2012. For timing considerations, it 
should be kept in mind that constructing pipelines should be done in summer due to 
more benign weather conditions. 
 
12. Construction: platform modification 
Platform modifications include removing installations and installing new equipment. 
New equipment can include heaters, wellhead control and downhole equipment 
control systems. 
 
13. Construction: pipeline construction 
The pipeline, both onshore and offshore sections are constructed. 
 
14. Construction: onshore facilities 
Onshore facilities include the compressor systems.  
 
15. Tie-in work and commissioning 
Tie-in work is usually done during the summer season of the year following the 
construction of well and platform systems. This step includes tests to see if 
everything is working as planned.  
 
16. Baseline monitoring 
During this step the baseline for the monitoring during and after injection is 
collected. It should take place before injection and ideally a short period after the tie 
in work and commissioning take place. 
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17. Handover 
Following successful commissioning, the field and the equipment is handed over to 
the new operator. 
 
18. Start injection 
During this phase, injection is started. In the example shown Figure 5.1 injection is 
planned to take place in 2015. 
 
It is noted that in the case of injection in a depleted gas field, there is the option to 
continue production of gas after the start of injection, in which case this could 
become enhanced gas recovery (EGR), if production and injection take place in the 
same compartment. The produced gas can be used for energy production at the 
platform. Energy requirements on a platform once CO2 injection is started are 
expected to be limited, unless CO2 must be heated before injection. 
 
An overview of these steps in the period 2010 – 2015 is given in Figure 5.1. Some of 
the activities have certain requirements, such as offshore construction that must 
take place in the summer period. 
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Figure 5.1  Generalised field development plan, assuming that feasibility studies were finalised in 2010 and that injection is to start by the end of 2015. 

  

Site development plan
2010 2011 2012 2013 2014 2015

Activities 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
1 Storage feasibility study

Site characterisation
Qualitative Risk Assessment
Geological assessment
Geomechanical assessment
Geochemical assessment
Storage dynamic behaviour
Full Risk Assessment

Preliminary Monitoring Plan
High-level Site Development Plan
Facilities and wells
High-level storage costs

2 Evaluate Site and engineering concept selection
Decision gate: Site and engineering concept selecti on

3 Environmental Impact Assessment (EIA)
4 Option on reservoirs
5 Apply for NER300 funding
6 Obtain licenses 

7a Phase 5: Concept decision - January 2011
7b Phase 6: Review period - July 2011
7c Phase 7: Final decision - August 2011
7d Phase 8: Review final decision - October 2011
7e Phase 9: Possible appeal - First half 2012

7 Pre-FEED
8a: Injection scenarios

Remaining production planning
Phasing reservoir blocks
Phasing injection wells
Injection capacity planning
Work-over phasing planning

8b: Well completion replacement existing six wells
Design          
Planning execution (work-overs)
Costing

8c: Platform conversion
Design          
Planning execution
Costing

8d: Pipeline
8e: Onshore facilities
8f: Test concept design
8g: Study for optimal change-over production-injection

Decision gate to commission detailed cost and 
engineering studies

8 FEED
9a: detailed engineering studies

Work-overs existing wells
Modifications to the facilities platform 
Pipeline
Onshore facilities (compressors, pipeline)

9b: detailed cost statements (+/- 10%)
Decision gate

9 Contract signing 

10
Procurement (pipelines, platform installations, equipment and 
workforce)

11 Construction: wells workovers
Activities depend on existing wells

12 Construction: platform modification
13 Construction: pipeline construction
14 Construction: onshore facilities (compression, pipeline)
15 Tie-in work and commissioning
16 Baseline monitoring
17 Handover
18 Start injection

Production
EGR
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6 Cost estimates 

6.1 Introduction 

The final step in a feasibility study is the assessment of project development costs. The 
following sections explain the calculation of storage costs that was used in Phase 1 and 
2 of the ISA project (Section 6.2)) and the source of the cost data the storage costs are 
based on (Section 6.3). 

6.2 Storage costs 

In a CO2 storage project, different phases can be discerned. Generally, investments are 
required to move from one phase to the next. A brief overview of typical activities is 
shown in Table 6.1. The geological properties of the reservoir and the required storage 
rate determine the timing of the transition from one phase to the next. The economical 
model described in Section A, or any other dynamic reservoir model, uses geological 
reservoir data to compute injection rates, which results in an estimate of the storage 
capacity, the number of wells required during the injection to accommodate the CO2 
supply rate and the duration of the injection phase. These results define the distribution 
of the costs over time, which in turn determines the net present value (NPV). 

Table 6.1 Overview of different phases, activities and cost elements in a CO2 storage project in a 
depleted gas field or a saline formation. 

Phase  Activities Investments 
Depleted gas fields:   
Production Production of natural gas (None associated with CCS) 
End of production Closing in of wells, prepare 

installations for mothballing 
mothballing costs 

Mothballing Low-level maintenance Maintenance 
Conversion Convert existing hardware 

from production to injection 
Platform refurbishment, pumps, 
heaters, well workovers, pipeline 
workover or construction 

Saline formations:   
Construction Construct platform(s), drill 

wells, construct pipeline 
Platform, wells, pipeline 

Depleted gas fields, 
saline formations: 

  

Injection Injection of CO2 in reservoir; 
if applicable, bringing online 
or drilling additional wells 

Maintenance costs; if applicable, 
investments to increase or 
maintain injection rate capacity 

End of injection Closing in of wells Removal of (some) equipment; 
prepare installations for post-
injection phase 

Post-injection Monitoring Maintenance costs, but lower 
than during injection phase 

Abandonment and 
handover 

Remove platform, abandon 
wells 

Abandonment costs 
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The model is dynamic and takes into account costs of changes in the CCS 
infrastructure during the project. When new wells are drilled or additional compressors 
are added, the model automatically accounts for the additional CAPEX and OPEX 
expenses.  
The NPV is computed from the cash flow over time, with cash flow given by the 
investments and operational costs in the project. If c(t) is the cash flow, and d the 
discount factor, the NPV is given by expression 6.1: 

∑ −+
=
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td

tc
NPV  (6.1) 

where the summation is over the duration of the injection project, from preparation to 
abandonment. The cash flow in this expression can contain only cost (CAPEX, 
investments and OPEX, operational costs), but it can also include revenues, for 
example from a storage fee. If revenues are included, the discount factor that results in 
an NPV of zero is known as the internal rate of return (irr). 
If the revenue side of the cash flow is made explicit, an approximate storage fee f, or 
break-even wellhead price, can be computed. The same expression can be used, by 
defining the required irr and computing the wellhead CO2 price that results in an NPV of 
zero. This involves solving expression 6.2 for f: 
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where q(t) is the storage rate, c(t) includes CAPEX and OPEX and r(t) represents tax. 
In this expression, irr is inserted as the discount rate. Asset depreciation can be 
included in the tax regime, by deducting these from the taxable income that is the basis 
for the computation of r(t). As the costs in the different studies for RCI have been 
estimated on the basis of either a high-level screening (Phase 1) or a feasibility study 
(Phase 2), the values for the storage fee should be regarded as indicative, with an 
uncertainty of the order of at least 50%. 

6.3 Cost data 

A high-level cost estimate is made using the site-specific results from the feasibility 
studies. The cost elements analysed on the transport and storage side of the CCS 
chain are: 
- Transport. Pipeline transport or shipping costs can be estimated using cost data 

from the literature, or from contractors, if available. 
- Site development. The feasibility study produces an injection strategy. The (number 

of) wells used, the timing of the use of the wells, the length of injection determine the 
timing of investments. In case existing installations and wells are re-used, specific 
cost estimates of well conversion can be obtained for the wells at the site. 

- Platform conversion. These costs depend on the size of the platform and the 
installations to be deployed (heaters, compressors). 

 
Cost data are taken from recent studies of longer-term CCS planning, such as the 
NOGEPA reports on offshore CCS [NOGEPA, 2008, 2009, 2010] and EBN-Gasunie 
[2010] on offshore and onshore. A recent report provides general cost estimates for 
offshore CCS activities [TEBODIN, 2009]. In addition, contractors and (oil and gas) 
operators were contacted where possible, to obtain more detailed and more site-
specific cost figures. 
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7 Summary and conclusions 

This report describes the steps in the identification and development of CO2 storage 
options, that have been taken in performing Phase 1 and Phase 2 of the Independent 
Storage Analysis for the Rotterdam Climate Initiative. These steps include: 
- A screening study to study all CO2 storage options available, using the timing and 

volume of the CO2 from the source as the key parameters. The result of the 
screening study is a shortlist of the best options. 

-  A storage feasibility study of the best options, to identify any obstacles to safe and 
secure storage. The nature of obstacles identified, if any, determines whether 
storage at a site is economically viable. In most cases, removing an obstacle to 
enable safe and secure storage increases the cost of storage. 

- When either no obstacle is identified, or when the obstacles can be removed, and 
when storage at a site is considered economically viable, a field development plan 
can be set up. This plan is a timeline of the further development of a field, including 
the basic and detailed engineering of the installations required, the construction 
and, finally, the start of injection. 

- A high-level estimate of the cost of storage can be obtained from the detailed 
activities described in the field development plan.  



 

 

TNO report | TNO-060-UT-2011-00810 

ISA-Rotterdam Climate Initiative - CO2 storage capacity assessment methodology 

 38 / 42

8 References 

Awan, A.R., R. Teigland and J. Kleppe, A survey of North Sea enhanced-oil-recovery 
projects initiated during the years 1975 to 2005, SPE Res. Ev. Eng., 497 – 
512, 2008. 

EBN – Gasunie, CO2 transport- en opslagstrategie (CO2 transport and storage 
strategy), 2010. 

EU, Storage Directive EC, 2009 
 http://www.math.ntnu.no/~hanche/notes/buckingham/buckingham-a4.pdf   
Gozalpour, F., S.R. Ren and B. Tohidi, CO2 EOR and storage in oil reservoirs, Oil gas 

sci. Technol.-Rev IFP, 60, pp. 537–546, 2005. 
Hanche-Olsen, H., Buckingham’s pi theorem, 2004 
 (http://www.math.ntnu.no/~hanche/notes/buckingham/buckingham-a4.pdf). 
Hofstee, C., et al., Feasibility of CO2 storage in the depleted Q8-A field, TNO report 

2008-U-R0560/C, 2010 (confidential). 
Holt, T., E. Lindeberg and D. Wessel-Berg, EOR and CO2 disposal – economic and 

capacity potential in the North Sea, Energy Procedia, 1, 4159 – 4166, 2009. 
IEA, Technology roadmap, 2009 (http://www.iea.org/papers/2009/CCS_Roadmap.pdf). 
IPCC, Special Report on Carbon Dioxide Capture and Storage, Special Report of the 

Intergovernmental Panel on Climate Change, 2005. 
Neele, F., Hofstee, C., Dillen, M. and M. Nepveu, Independent storage assessment of 

offshore CO2 storage options for Rotterdam– Summary report, TNO report, 
2011a. 

Neele, F., Wu, H., Hendriks, C. and Brandsma, R., Planning of CCS development in the 
Netherlands offshore, Energy Procedia, 4, 2756 – 2763, 2011b. 

Nepveu, M., et al., Feasibility of CO2 storage in the K12-B field, TNO report, 2011. 
NOGEPA, Potential for CO2 storage in depleted gas fields on the Dutch continental 

shelf – Phase 1: technical assessment, 2008. 
NOGEPA, Potential for CO2 storage in depleted gas fields on the Dutch continental 

shelf – Phase 2: costs of transport and storage, 2009. 
NOGEPA, Potential for CO2 storage in depleted gas fields on the Dutch continental 

shelf – Phase 3: technology and costs of CO2 storage in depleted oil fields, 
2010. 

NSBTF (North Sea Basin Task Force), Monitoring Verification Accrediting and 
Reporting (MVAR) Report for CO2 storage deep under the seabed of the 
North Sea, 2009. 

Oldenburg, C.M., Joule-Thomson cooling due to CO2 injection into natural gas 
reservoirs, Lawrence Berkely National Laboratory, paper LBNL-60158, 2006. 

Pluymaekers, M., et al., RCI Independent CO2 storage assessment – Initial assessment 
P06-AB, TNO report TNO-034-UT-2010-02322/B, 2010 (confidential). 

Ramirez A., Hagedoorn S., Kramers L., Wildenborg T., Hendriks C. Screening CO2 
storage options in The Netherlands, Int. J. GHG Control (4), 367-380, 2010. 

TEBODIN, Potential for CO2 storage in depleted fields on the Dutch Continental shelf – 
cost estimate for offshore facilities, 2009. 

Vandeweijer, V., et al., Feasibility study P18 (final report), CATO-2 report CATO2-
WP3.01-D06, 2011a (confidential). 

Vandeweijer, V., et al., Q1 feasibility study, 2011b (confidential). 
Vangkilde-Pedersen, T., et al., Geocapacity Report D16, Storage capacity, 2009 (report 

available at www.geocapacity.eu) 
 



 

 

TNO report | TNO-060-UT-2011-00810 

ISA-Rotterdam Climate Initiative - CO2 storage capacity assessment methodology 

 39 / 42

9 Signature 

Utrecht, April 2011 Netherlands Organisation for applied  
 scientific research TNO 
 

 

 

H.J.M. Pagnier Filip Neele 
Business Line Manager CCS Author 
 
 



Appendix A | 1/6  

 
 

 

TNO report | TNO-060-UT-2011-00810 

ISA-Rotterdam Climate Initiative - CO2 storage capacity assessment methodology 

 

A Economic and reservoir model 

The model used in Phase 1 of the RCI ISA study to obtain a first-order estimate of 
the storage capacity (in terms of both total capacity and feasible injection rates) and 
cost of storage is explained in this section. The model focuses on economic 
feasibility, subject to technical and geological constraints.  
 
The models used for this study aim to give an overview of the possibilities of the 
different reservoirs, integrating both economic and technical aspects, rather than 
drawing in-depth conclusions about individual processes in individual reservoirs or 
wells. Such an assessment is pursued for a selection of the most promising fields in 
the following phases of this project. The uncertainty in the economic output is about 
50%. This uncertainty can be reduced by using more sophisticated models and 
more elaborate data in following phases of this project. 
 

A.1 Model Setup 

The model used in the screening study is the TNO Capture Carbon & Storage 
Techno-Economic Model. This is an integrated well / reservoir injection and 
cashflow 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. 
More information about the setup and functioning of the model can be found in this 
section.  
 
The model consists of three interconnected sections:  
• the reservoir model, determining the CO2 rates into the reservoir and the 

corresponding pressure build-up in the reservoir; 
• the well model, determining the pressure and temperature distribution in the 

well; 
• the economic model. 
 
All three sections are described in detail below. 
 

A.1.1 Reservoir model 
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. The time steps taken in the model are 1 year. 
 
Injection of CO2 is only possible when the flowing bottom hole pressure (FBHP) in 
the well(s) exceed the average reservoir pressure. The larger the difference 
between FBHP and mean reservoir pressure, the higher the injection rate. The 
relation between the pressure difference and the injection rate is non-linear and is 
modeled using a quadratic equation.  



Appendix A | 2/6  

 
 

 

TNO report | TNO-060-UT-2011-00810 

ISA-Rotterdam Climate Initiative - CO2 storage capacity assessment methodology 

 

The linear term in this equation, i.e. the first order relation between injection rate 
and pressure difference8, is the injectivity of the well and depends on the product of 
reservoir thickness and permeability, the CO2 viscosity, the well diameter and the 
reservoir size, among other factors. Well skin (a parameter representing the flow 
from well into reservoir) is included. The second-order (non-linear or non-Darcy) 
term is an important input parameter in the model: results are sensitive to variations 
in this parameter. However, obtaining a field-specific value is rather difficult: it can 
be inferred from well test results, but these data are often not available or 
confidential. For this study, a default value has been assumed for all fields. It is 
recommended that this is further investigated in a later phase of this project, in 
which specific fields are assessed in more detail.  
 
The model is capable of making decisions based on the situation at each time step. 
An example is the target injection rate. If the realized CO2 injection rate falls below 
the target injection rate, the model checks whether the injection rate can be 
increased through the construction (or reworking) of platforms, by making available 
additional wells (existing or new), or by installing additional compression capacity . 
Based on user defined settings, the model also determines when injection is no 
longer economically feasible and abandonment should take place. 
 

A.1.2 Well model 
The well model determines the pressure and temperature distribution in the well. 
The well is modelled as a vertical tube with a constant inner and outer diameter. 
The two most important terms in the pressure equation are the static head, which is 
the pressure build-up due to the weight of the CO2 column in the well and the 
pressure loss due to viscous forces resulting from the flow of CO2 through the well. 
Pressure changes due to acceleration are neglected. Important parameters in the 
equations are the (temperature and pressure dependent) CO2 viscosity and density, 
the tubing size and roughness, the depth of the well, among other factors. 
Temperature changes are due to heat conduction from the reservoir to the well. 
Examples of model data are the heat conductivity of the well and the heat capacity 
of CO2. Input to the well model is also the tubing head pressure and temperature 
(which can be altered in reality by installing compressors, heaters, etc.). A 
restriction to the well model is that wells are modelled as strictly vertical. In reality, a 
well drilled into a field is often deviated, so that its length can be significantly higher 
than its true vertical depth. In this case, the model will underestimate the 
temperature rise in the well as well as the pressure drop due to viscous forces. 
However, the effect of these underestimations on the economical KPIs is small. 
 

A.1.3 Economic model 
The economic model is used to calculate the Unit Technical Costs (UTC) and the 
break even CO2 price at the well head, both per ton CO2 injected. The UTC 
indicates the costs per ton of CO2 stored and can be used to compare the different 
locations for CO2 injection. It is obtained by dividing the total OPEX and CAPEX by 
the cumulative CO2 injected at the end of the project. The CO2 break even price at 
well head is the price per ton of CO2 which is necessary in order to make the net 
present value (NPV) of the project zero. In addition to these two economic 
indicators, the model is also used to derive the absolute capital costs, which is the 

                                                      
8 Although the text refers to pressure, the model computes injection rates in the pseudo-pressure 
domain. 
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total CAPEX during the lifetime of the project. The absolute capital costs are the 
sum of the conversion CAPEX and the abandonment CAPEX. 
 
The economic model takes into account different cashflows which occur during the 
lifetime of CCS project. These cashflows including revenues, CAPEX, OPEX and 
taxes. Based on this information, the net cashflow (CF) and the cumulative net 
cashflow (CumCF) are calculated. The model uses the discount rate to account for 
the value of cashflows occurring in the future. This results in a discounted CF and 
CumCF. Based on this information, financial parameters, such as the Net Present 
Value (NPV), the Internal Rate of Return (IRR) and maximum exposure are 
calculated.  
 
The model is dynamic and takes into account costs of changes in the CCS 
infrastructure during the project. When new wells are drilled or additional 
compressors are added, the model automatically accounts for the additional 
CAPEX and OPEX expenses.  
 
The NPV is computed from the cash flow over time, with cash flow given by the 
investments and operational costs in the project. If c(t) is the cash flow, and d the 
discount factor, the NPV is given by expression A.1: 

∑ −+
= 1)1(

)(
td

tc
NPV  (A.1) 

where the summation is over the duration of the injection project, from preparation 
to abandonment. The cash flow in this expression can contain only cost (CAPEX, 
investments and OPEX, operational costs), but it can also include revenues, for 
example from a storage fee. If revenues are included, the discount factor that 
results in an NPV of zero is known as the internal rate of return (irr). 
 
If the revenue side of the cash flow is made explicit, an approximate storage fee f, 
or break-even wellhead price, can be computed. The same expression can be 
used, by defining the required irr and computing the wellhead CO2 price that results 
in an NPV of zero. This involves solving expression A.2 for f: 
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where q(t) is the storage rate, c(t) includes CAPEX and OPEX and r(t) represents 
tax. In this expression, irr is inserted as the discount rate. Asset depreciation can be 
included in the tax regime, by deducting these from the taxable income that is the 
basis for the computation of r(t). As the costs in the different studies for RCI have 
been estimated on the basis of either a high-level screening (Phase 1) or a 
feasibility study (Phase 2), the values for the storage fee should be regarded as 
indicative, with an uncertainty of the order of at least 50%. 
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A.2 Assumptions and boundary conditions 

A.2.1 Using existing infrastructure 
The model allows the user to define the maximum number of injector wells. These 
can be converted existing wells, or new wells. The economic effect of re-using 
existing wells is made explicit by providing the proper cost figures: either the cost of 
work-overs, or the cost of drilling new wells. 
 

A.2.2 CO2 injections regime 
Temperature and pressure of the CO2 at the wellhead can be specified. The 
properties of CO2 must be provided: viscosity, density and their dependence on 
temperature and pressure. The variation with pressure and temperature of the 
phase, density, viscosity and other properties of CO2 has a large impact of several 
aspects of CCS. First of all, it influences the required infrastructure for transporting 
CO2. A high pressure, for example, puts different demands on the structure of the 
pipelines than a low pressure. 
 
The CO2 density, determined by temperature and pressure, is an important 
parameter in the calculation of the flowing bottom hole pressure (FBHP) in the well 
for a fixed tubing head pressure. A high FBHP, which is favourable for high injection 
rates, is obtained with a high CO2 density, and therefore a low injection 
temperature. However, two side-effects need to be considered. First, a low 
temperature of the CO2 at the bottom of the well in combination with a high 
pressure may cause fracturing of the reservoir rock. This is a risk for the integrity of 
the reservoir. Secondly, low injection temperature can cause the formation of 
hydrates in the well or even in the reservoir; in the latter case, cooling of the CO2 
due to expansion in the reservoir may lower the temperature even further. 
Formation of hydrates has a large negative impact on the injection rates. Neither 
hydrate formation, nor fracturing has been included in the model. 
 
Influencing the temperature and the pressure of the CO2 requires additional heaters, 
compressors and in turn increases energy consumption. It is important, when 
designing the CCS project, to take into account the trade-off between injection 
capacity, additional transport requirements, costs for heating or compression and 
the status of the reservoir. 
 

A.2.3 Planning parameters 
Injection is set to start one year after the end of field life, with a minimum starting 
year of 2015. The build up rate, which determines how fast the target injection 
plateau rate is reached, is set to 0, which means that the model will try to inject at 
the target injection plateau rate as soon as possible. The year of abandonment is 
set to be the end of injection plus ten years.  
 

A.2.4 General economic parameters 
The book value of the field and its infrastructure can be specified. A tax regime can 
be defined: tax rate and depreciation period. An economic injection limit can be set, 
which causes injection to cease once it drops below a certain threshold (e.g., at 5% 
of the target injection rate). 
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Pipeline tariffs, costs for processing CO2 by an external platform, government 
subsidies and monitoring costs are not included in this study. 
 

A.2.5 Platform and well conversion CAPEX 
The cost of building or converting platform(s) and well(s) is input to the model. The 
costs of well workovers can be incurred shortly before each well is used, or at the 
start of the project (along with the platform or site development). Cost figures for 
either new build or workover of existing installations are input to the model. 
 

A.2.6 Abandonment CAPEX 
Owners of hydrocarbon fields are legally obliged to make a reservation for the 
proper abandonment of the fields and its facilities. In the case of CCS, the 
ownership of a field and facilities is transferred from the original operator to the 
storage operator. At the same time, the legal responsibility to take care of 
abandonment is transferred.  
 
Because the depleted field has found a new purpose in storing CO2, its 
abandonment can be postponed. The present value of delaying abandonment 
CAPEX is substantial. Which actor can benefit from these financial gains is still a 
topic of debate. Current thoughts are that in order to stimulate CCS, the financial 
benefits should be transferred to the storage operator. In this study, this is assumed 
to be the case. In reality, taking the market value of CO2 storage sites into account, 
this might be different.  
 
The model takes this into account by calculating the present value attributed to the 
postponement of the abandonment CAPEX and transferring this to the operator as 
income on the year of ownership transfer. A period between last year of injection 
and abandonment has to be reserved for monitoring purposes. It is not sure yet how 
long this period should be, but in this study an estimate of 10 years was used. The 
model automatically accounts for abandonment CAPEX 10 years after the last 
injection year.  
 
It is noted that the financial gain from the income for abandonment has no effect on 
the UTC, since UTC takes only costs into account, and not income. It does, 
however, influence the break-even CO2 price. 
 

A.2.7 Fixed OPEX for platform and wells 
Operational costs of platforms and wells are input to the model, as well as the 
average time between well workovers.  
 

A.2.8 Mothballing CAPEX and OPEX 
It often happens that the last production year differs from the projected first year of 
injection. In order to bridge this gap, the installations in the field have to be 
mothballed. This process requires an initial CAPEX in order to prepare the 
installations for a large period of inactivity and a yearly OPEX in order to maintain 
the integrity of the installations.  
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A.3 Field specific input of the model 

The following list contains the input required to run the model for a specific field and 
scenario: 

− Platform type 
− Number of wells available for injection  
− First year of injection 
− Gas initially in place (GIIP) 
− Depth of reservoir 
− Reservoir temperature 
− Initial pressure 
− Abandonment pressure 
− Average field Kh 
− Well Dietz shape factor 
− Reservoir area 

 
These data can be derived from production plans, well logs and maps, both from 
the operators and from publicly available data sources. Although the above table 
applies to the input required for depleted gas fields (to which the model was applied 
in Phase 1 of the Study), a similar table of input parameters applies to deep saline 
formations, for which the model can also be used. 
 

A.4 Output of the model 

The output of the model that is considered relevant for the Study consists of two 
economic key performance indicators, unit technical costs and break-even CO2 
price at the well head for different discount rates, as well as the following technical 
performance indicators: 

- Number of years injecting at target injection rate. This shows the duration 
that the field is able to sustain a certain injection rate, and is used to 
determine a CCS strategy for the region as a whole. Taking into account 
these values for the different fields can give insight in whether certain 
storage regimes can be met. 

- Total CO2 injected. Gives an indication of the total amount of CO2 that can 
be stored in the field, regardless of injection economics. 

 


