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ACES Act | The American Clean Energy and Security Act (2009) |
ACTL | Alberta Carbon Trunk Line |
AEP | American Electric Power |
AMP | 2-amino-2-methyl-1-propanol |
APS | Arizona Public Services |
ASME | American Society of Mechanical Engineers |
ASU | air separation unit, an oxygen/nitrogen plant |
atm | atmosphere |
BP | British Petroleum |
CCS | carbon (carbon dioxide) capture and storage |
CDCL | coal direct chemical looping |
CFBC | circulating fluidised bed combustion |
CO2 | carbon dioxide |
CO2CRC | Cooperative Research Centre for Greenhouse Gas Technologies |
COACH | Cooperation Action within CCS China-EU |
COE | cost of electricity - levelised busbar cost of electricity, often expressed in $/MWh |
CSIRO | Commonwealth Scientific and Industrial Research Organisation |
CTL | coal-to-liquids |
DEA | diethanolamine |
DGA® | Digycolamine |
DIPA | diisopropanolamine |
DOE | United States Department of Energy |
DOT | Department of Transportation |
DRET | Department of Resources, Energy and Tourism (Australian Government) |
ECBM | enhanced coal bed methane |
EEPR | European Energy Programme for Recovery |
EGR | enhanced gas recovery |
EOR | enhanced oil recovery |
EPC | engineering procurement and construction contract or contractor |
EPRI | Electric Power Research Institute |
ESA | electric swing adsorption |
EU | European Union |
FGD | flue gas desulphurisation |
FPSL | Floating Production Storage and Loading |
FPSO | Floating Production, Storage, and Off-Loading Facility |
G8 | Group of Eight |
GFC | Global Financial Crisis |
GHG | greenhouse gas |
H2S | hydrogen sulphide |
ICO2N | Integrated CO2 Network CO2 capture and storage initiative (Canada) |
IGCC | integrated gasification combined cycle |
IEA | International Energy Agency |
IL | ionic liquids |
IMO | International Maritime Organisation |
IP | intellectual property |
IPCC | Intergovernmental Panel on Climate Change |
ISA | International Seabed Authority |
K2CO3 | potassium carbonate |
KEPCO | Kansai Electric Power Company |
kg | kilogram |
km | kilometre |
kWhr | kilowatt-hour |
kWt | kilowatt thermal |
lb | pound |
LLP | limited liability partnership |
LNG | liquefied natural gas |
LPG | liquefied petroleum gas - propane gas from liquefied propane |
m3 | cubic metres |
MDEA | methyldiethanolamine |
MEA | monoethanolamine |
MEFOS | Metallurgical Research Institute |
MHI | Mitsubishi Heavy Industries |
MIT | Massachusetts Institute of Technology |
Mtpa | million tonnes per annum |
MTR | Membrane Technology and Research |
MPa | megapascal |
MMV | Measurement, monitoring and verification |
MW | megawatt |
MWe | megawatt electrical |
MWt | megawatt thermal |
NETL | US DOE National Energy Technology Laboratory |
NGER Act | (Australia’s) National Greenhouse and Energy Reporting System Act (2007) |
NZEC | UK-China Near Zero Emissions Coal |
°C | degrees Celsius |
°F | degrees Fahrenheit |
OEM | original equipment manufacturer |
OSPAR Convention | The Convention for the Protection of the Marine Environment of the North-East Atlantic |
PC, pc | pulverised coal |
PCC | post combustion capture |
PHMSA | U.S. Pipeline and Hazardous Materials Safety Administration |
ppmv | parts per million by volume |
PSA | pressure swing adsorption |
psig | lb/square inch gauge [(psia) – (local atmospheric pressure in psia) |
R&D | Research and development |
RD&D | Research, development and demonstration |
SECARB | Southeast Regional Carbon Sequestration Partnership |
SNG | synthetic natural gas |
SO2 | sulphur dioxide |
Syngas | synthetic gas |
t | metric ton (1,000 kg or 2,205 lb) |
t/h, tph | tonnes per hour |
t/d, tpd | tonnes per day |
tpa | tonnes per annum |
TBD | to be determined |
TEG | triethyleneglycol |
TNO | TNO sciences and industry |
ton | short ton, (2,000 lb) |
tonne | metric ton, (1,000 kg or 2,205 lb) |
TSA | temperature swing adsorption |
UAE | United Arab Emirates |
ULCOS | Ultra-Low-CO2-Steel |
UK | United Kingdom |
UNCLOS | United Nations Convention on the Law of the Sea |
USA | United States of America |
US, U.S. | United States |
USD, US$ | United States dollar |
US DOE | United States Department of Energy |
US EPA | United States Environmental Protection Agency |
VSA | vacuum swing adsorption |
WRI | World Resources Institute |
The Global CCS Institute was established as a key organisation with the responsibility of accelerating the deployment of carbon capture and storage (CCS) technology. In so doing it would work with other leading organisations to achieve the Group of Eight (G8) objective of launching 20 large-scale CCS demonstration projects by 2010 with a view to beginning broad deployment of CCS by 2020.
In order to achieve this goal, the Global CCS Institute commissioned a survey on the current global status of CCS projects as at March 2009. The scope of this study was to develop a report detailing:
A consistent and transparent set of metrics was required to enable comparisons between projects and across a range of large stationary emission sources.
The Global CCS Institute database contains 499 CCS activities. The authors understand that this is the most comprehensive and contemporary listing of CCS activities and projects collected to date. The information provided in the database is categorised according to key parameters of project facility, region, capture, transport and storage technologies, scale, asset lifecycle and status.
Primary and secondary data for this global survey of CCS projects were collected from multiple sources. These included but were not limited to:
As a global survey, information was collected across the following regions:
The 499 CCS activities were further refined to identify CCS projects to be considered for analysis in this report. A CCS project was defined as an activity intended to produce advancement in components, systems and processes which support the commercialisation of integrated CCS solutions in either power generation or industrial applications with emissions greater than 25,000 metric tonnes per annum (tpa) of CO2.
Any activity that was only intended to be an academic study was excluded from the analysis and considered to be research only.
There was significant conjecture on the scaling metric used to define CCS projects. The G8 objective is to launch 20 large-scale CCS demonstration projects by 2010 with a view to beginning broad deployment of CCS by 2020. However, terms such as large, industrial and commercial scale are often used interchangeably by CCS stakeholders without necessarily articulating the scope of each term.
In the absence of a harmonised approach to scaling projects, the authors established a scale metric to be applied across all identified CCS projects after conducting a literature review of this issue.
The principal metric used to define commercial scale integrated projects were those with a storage rate of 1 million tonnes per annum (Mtpa) or greater of CO2. This followed the high level recommendation made by the G8/International Energy Agency (IEA)/Carbon Sequestration Leadership Forum (CSLF) (2007).
The asset lifecycle model was used to categorise the status of a project according to its development phase. This model would be used as a framework to assist decision-makers such that it articulates a staged approach with a series of “go/no-go” decision gates. The asset lifecycle model is shown in Figure 1-1.
Figure 1-1 The asset lifecycle model
Source: WorleyParsons, 2009
The confidence of a project achieving the “Operate” stage increases as it progresses through its lifecycle. As the project reaches each decision gate, uncertainty surrounding the project’s technical and commercial viability reduces. Therefore, if there was a large portfolio of projects in the “Identify” stage, it would be reasonable to expect that a smaller proportion of these would proceed to the “Evaluate” stage. Based on industry experience with large capital investments such as power plants, an even smaller proportion of projects were expected to proceed to the “Define” phase, where funding to proceed to execution and operation would be sanctioned.
The quantum of costs incurred to reduce technical and commercial uncertainty increases as the project progresses through the asset lifecycle. As a general guide, between 10 to 15 percent of a project’s total installed cost could be spent to achieve completion of the “Define” phase.
One proponent, ZeroGen Pty Ltd that is developing a commercial scale, integrated gasification combined cycle (IGCC) project with CCS demonstration has estimated that the total installed capital cost of its project to be in the order of $US3 billion to $US3.2 billion (C Greig 2009, pers. comm. 4 September). Using the general estimate of 10 to 15 percent described above, the cost of advancing this project from the “Identify” phase to the end of the “Define” phase is in the order of $US300 million to $US480 million. This figure includes environmental studies to secure regulatory approvals and engineering studies for the power plant, as well as pipeline and field development costs for finding and appraising the storage site. While this illustrates the significant level of investment required, it is essential that decisions be based on robust and accurate information prior to sanctioning the commitment of even greater investments to projects.
The 499 entries in the database were refined using the following criterion.
An activity intended to produce advancement in components, systems and processes which support the commercialisation of integrated CCS solutions in either power generation or industrial applications with emissions greater than 25,000 tpa of CO2.
Any activity that was only intended to be an academic study was excluded from the analysis and considered to be research only.
Using the above criterion, the 499 activities were refined to 275 CCS projects, which were further categorised as per the following sections. Figure 1-2 articulates the way in which the data was progressively filtered, based on these further categories, in order to provide a meaningful analysis. The final focus of the analysis was the status of CCS projects in support of the G8 objective.
Figure 1-2 Hierarchy of analysis Completed - 34
Figure 1-2 shows the following division of the 275 CCS projects by status:
The subset of 34 completed projects, which relate to those projects which have met their initial objectives and have finished, were generally small scale projects where the financial investment was relatively small. Generally, regulatory barriers were also not significant. The data shows that there have been no integrated CCS projects completed at any scale.
Of the 275 CCS projects, 213 were active or planned. Of this subset, 28 percent of projects were classified as integrated. This could be an indication of funding requirements that were specifying the need for integrated projects.
A key observation from the analysis of active or planned CCS projects was that there were significant activities across the range of capture technologies. The post-combustion capture (PCC) technology was the predominant capture method being pursued by proponents (48 percent). This was followed by pre-combustion capture (35 percent) and the oxyfuel combustion technology, which accounted for 9 percent of projects. The remaining 8 percent of CCS projects with CO2 capture did not specify their method of capturing the CO2.
Of the 105 active or planned CCS projects in the power generation sector, 73 percent of these were in the Identify, Evaluate or Define stages. These represent the stages of a project’s asset lifecycle prior to project sanction. A further 26 percent of these were in the Execute or Operate stages of the asset lifecycle. One of the projects in this subset was not categorised.
Of the 213 active or planned CCS projects, 101 were of commercial scale. The largest number of these projects was in the Europe Area, followed by the USA, Canada, Australia and China. There were no active or planned commercial scale CCS projects identified in the India Area, South America or Japan. However, the Nakoso IGCC CCS demonstration plant in Japan operates a 250 MW IGCC plant, and the proponents were evaluating the potential to store up to 100,000 tonnes of CO2 per year. Furthermore, Japanese original equipment manufacturers (OEMs) are active in facilitating commercial scale CCS projects in other countries such as Australia, Malaysia and the USA.
A filter was applied on the 101 active or planned, commercial scale projects to determine if they were an integrated project. This category of projects was of particular interest to the G8 and the Global CCS Institute.
There were 62 active or planned, commercial scale, integrated CCS projects. These are represented graphically in Figure 1-2. The following tables (Table 1-1 through Table 1-5) summarise these projects by their stage in the asset lifecycle, and are ordered by estimated or actual date of operation. The projects by region and asset lifecycle stage are summarised in Figure 1-4.
The notations, units and acronyms used within the following tables are summarised below.
Figure 1-3 Active or planned, commercial scale, integrated CCS projects by capture facility, storage type and region
Table 1-1 Active or planned, commercial scale, integrated projects at the Identify stage
Table 1-2 Active or planned, commercial scale, integrated projects at the Evaluate Stage
Table 1-3 Active or planned, commercial scale, integrated projects at the Define stage
Table 1-4 Active or planned, commercial scale, integrated projects at the Execute stage
Table 1-5 Active or planned, commercial scale, integrated projects at the Operate stage
Figure 1-4 Number of active or planned, commercial scale, integrated CCS projects by region and asset lifecycle stage
The Europe Area with 23 active or planned, commercial scale, integrated CCS projects has the most projects of any region. This can be largely attributed to the 2007 commitment by the EU to construct 10 to 12 full-scale CCS demonstration plants by 2015. The authors understand that the Snøhvit project is capturing and storing approximately 700,000 tpa CO2. While it technically does not meet the commercial storage criteria used in this study it was included because the storage volume is significant and it is a commercial plant currently in operation.
The USA has the second highest number (15) of active or planned, commercial scale, integrated CCS projects. Australia has seven projects within this subset, of which none are in the Execute or Operate stages. (Note the Gorgon Project at the time of this study was in the Define stage. It has now been progressed to the Execute stage). Canada has six commercial scale, integrated CCS projects.
Although this would appear to represent healthy activity in this key category of projects aimed to support the G8 objectives, it must be recognised that the majority of these are at Identify or Evaluate stages and will face many challenges to achieve operation.
Of the total 62 active or planned, commercial scale, integrated CCS projects, 41 (66 percent) were in the power generation sector. Of particular note is that all of the 41 power projects were still in the planning stages, that is, they were in the Identify, Evaluate or Define phases. In other words, no active or planned, commercial scale, integrated CCS projects in the power generation sector had advanced beyond project sanction. Of these, power generation projects 38 identified coal as a feedstock.
The storage types for the 62 active or planned, commercial scale, integrated CCS projects were:
Geological storage represents a significant opportunity to store CO2 in the volumes required to enable considerable reductions in emissions to the atmosphere. The data showed that 63 percent of project proponents were considering this storage type. Beneficial reuse represented 26 percent of storage types that were currently operating or were being considered by proponents. Two proponents were considering both storage types and had not made a decision at this stage.
The beneficial reuse projects were either currently or planning to use the CO2 for enhanced oil recovery (EOR). They were all located in Canada, USA and the United Arab Emirates (UAE).
The projects currently using or planning to use geological storage methods were more widely spread in terms of geographic location, with Africa and the USA only having one geological storage project each being In Salah which was operating, and FutureGen which was in the planning stages.
A number of the projects proposed in the Europe Area are considering offshore storage options. Both Sleipner in the North Sea and Snøhvit in the Barents Sea have proven the potential for CO2 storage. However, the costs of developing new storage sites offshore will likely be an order of magnitude greater than onshore options. Similarly, construction of sub sea pipelines to offshore storage locations will be expensive compared to overland pipelines. Shipping CO2 may offer an alternative option however, experience with this is very limited and it will also pose unique economic and logistical challenges.
The attraction of offshore storage is obvious for nations with minimal land area, maritime boundaries and high population densities. There are potentially large capacity offshore reservoirs and public acceptance barriers may also be less prohibitive due to the perceived remoteness of these offshore storage locations.
For those active or planned, commercial scale, integrated projects with a specified storage type of geologic or beneficial reuse, their current stage in the asset lifecycle have been counted in Table 1-6.
Table 1-6 Asset lifecycle stage for commercial scale integrated projects by storage type
Asset Lifecycle Stage | Geological Storage | Beneficial Reuse |
Identify | 14 | 1 |
Evaluate | 14 | 3 |
Define | 8 | 6 |
Execute | 0 | 2 |
Operate | 3 | 4 |
Total | 39 | 16 |
The projects utilising beneficial reuse as a storage type occurred relatively evenly across all stages of the asset lifecycle. This reflected the maturity of this storage type with current operating and near-operation EOR projects in Canada, the USA and the UAE. Conversely, 92 percent of active or planned, commercial scale, integrated projects that were storing or planning to store CO2 in geological formations were in the first three phases of the asset lifecycle. The three outliers that were operating and storing in geological formations were the Sleipner CO2 Injection Project in the North Sea, the In Salah CO2 Injection Project in Algeria and the Snøhvit CO2 Injection Project in the Barents Sea. These projects were obtaining their CO2 from natural gas processing plants, in which CO2 removal was part of the normal process.
It is evident that EOR and natural gas processing as storage and capture options respectively, offer excellent opportunities to facilitate the execution of CCS projects. Projects integrated with EOR should incorporate robust measurement, monitoring and verification (MMV) systems to validate both the capacity of the CO2 storage and the long-term security of the reservoir. However, very few existing EOR operations include MMV.
Of the 275 CCS projects in the database, 26 (or 9 percent) have been cancelled or delayed.
Within this subset of 26 cancelled or delayed projects, 20 (77 precent) were of a commercial scale. A further five were demonstration scale and one pilot scale. Larger scale projects may carry greater inherent financial, regulatory, technical and public acceptance issues resulting in them being more likely to be cancelled or delayed.
Of the cancelled or delayed projects, 24 (92 percent) were cancelled or delayed in the Identify, Evaluate, or Define phase. This was to be expected given that the objective of the asset lifecycle model was to maximise the probability of projects with weak business cases being detected early and stopped prior to the funds sanction gate (at the end of the Define phase). The distribution of delayed and cancelled projects across the asset lifecycle stages is represented in Figure 1-5.
Figure 1-5 Cancelled or delayed projects by asset lifecycle stage
The data gathered by this global survey showed that there was a relatively high degree of CCS activity around the world. The data showed that there were 62 active or planned, commercial scale, integrated CCS demonstration projects in the development pipeline. However, stakeholders faced with the responsibility of facilitating the G8 objective must confront the reality that many of these projects will not proceed to the Operate stage.
As stated in Sections 4.6 and 4.7, CCS project proponents face a number of significant challenges. While there is a great deal of literature on general deployment challenges, there were few, if any, specific studies on CCS project failure rates. This may be due to the fact that the historical experience in developing CCS projects is limited. Furthermore, and as this study has experienced, many proponents associated with failed projects do not wish to disclose any information. Therefore, it is difficult to quantify failure rates with a high degree of certainty.
However, to address this gap, this study attempts to provide a rudimentary framework on the potential failure rates of commercial scale, integrated CCS demonstration projects. This is done by using as a proxy the failure rates of other low emission renewable energy sources such as solar and wind articulated in a report prepared by KEMA, Inc. for the California Energy Commission in 2006. As stated above, the authors acknowledge that this approach is rudimentary given gaps in the literature, time constraints and the scope of this project.
If CCS project failure rates comparable to those observed for renewable energy projects occur, 50 to 80 percent of the projects in early phases may never be completed.
Using the asset lifecycle model, a hypothetical scenario of failure rates suggests between five and eight in 10 projects will not proceed to the Operate stage. These scenarios are described below when applied to the 55 commercial scale, integrated CCS projects that are not currently operating.
The pessimistic scenario adopts the upper end of the estimate of failure rates across all projects that are not already in operation.
The optimistic scenario considers those integrated CCS projects that are proposing EOR or natural gas processing CO2 capture plants. Assuming that all of the 19 proposed projects with either EOR or natural gas processing succeed and applying the 80 percent failure rate to the remainder, there may be a total of 26 projects that make it to operation.
The realistic scenario applies a failure rate to the EOR or natural gas projects of 40 percent. With this assumption, it is possible that 18 of these projects proceed to the Operate stage.
These scenarios are presented graphically in Figure 1-6.
In summary, from the current portfolio of active and planned projects it is impossible to accurately predict with confidence how many may make it to operation. It is clear however, that project proponents will require support from governments and key institutions such as the Global CCS Institute if the G8 objectives are to be achieved.
Figure 1-6 Hypothetical failure scenarios for commercial scale integrated CCS projects
In the USA, the United States Department of Energy (US DOE) had put forward a level of funding for CCS. The Australian Federal Government had recently launched a Flagships funding program for CCS. Europe has had funding schemes for CCS, and the United Kingdom (UK) was currently running a competition for funding CCS. These mechanisms were proving successful in promoting CCS activity. However, the analysis of the lifecycle stage for projects suggested that the majority of CCS activities were at early stages where funding requirements were not of great significance.
Of the operational projects, the majority use EOR for storage and similarly a majority have natural gas processing at the capture plant. As discussed previously, EOR provides a revenue stream for the operator of the CO2 capture plant, and CO2 removal was a normal part of the refining process for natural gas. Therefore there was no surprise to find that these two technology types featured predominantly among the operating projects, and indeed those in the Execute phase.
This analysis on the global status of CCS was the first step in an ongoing process of data collection, analysis and reporting. The Global CCS Institute could play a critical role in disseminating information on CCS projects, outlining key learnings to overcome deployment challenges, and identifying pitfalls to avoid. This should be achieved by regularly updating and maintaining the integrity of the data collected as part of this survey and encouraging proponents to engage in activities designed to share the learnings from their respective projects. Tracking plans should be developed and maintained to ensure that this occurs.
This analysis also identified a number of commercial scale, integrated CCS projects. The Global CCS Institute should engage with the project proponents to ascertain the nature and level of support it could provide to ensure the success of these projects. It was highly likely that the nature and level of support would be project specific. A higher level of engagement would maximise the potential for strategies to be developed to overcome deployment challenges.
An area where there appears to be a need for assistance is in developing robust business cases for CCS demonstration projects where the level of definition, cost estimating and risk assessment across all the elements of CCS are consistent. This will allow for project sanctioning decisions to be made with confidence and in the most timely manner possible.
This is particularly applicable in the Europe Area where many of the proposed commercial scale integrated CCS projects are dependent on both networked transportation projects and offshore storage options which are independent of the proponents developing the capture plant portion. In many cases the level of definition associated with the capture plant is well in advance of the associated transport and storage components. Facilitation is required to bring the level of definition and associated cost estimates and risk assessments to a common level so these projects can be sanctioned for execution as fast as possible.
Finally, this study identified an absence of commercial scale, integrated CCS projects in many countries and regions of the world. Of key importance are India and South America while Africa had one project. The Global CCS Institute should attempt to engage with CCS stakeholders in these nations and regions to identify potential partnerships. This exercise could be undertaken by developing national CCS strategies with in-country partners. These national strategies could identify the current situation in regards to CCS, and undertake gap analyses and action plans to progress CCS deployment.
One of the key challenges to the G8 objective is the lack of information sharing on CCS. This is common in nascent industries. The collection and sharing of learnings is an important function that could accelerate deployment and reduce failures. This is a key area where the Global CCS Institute could take a leading role.
The International Energy Agency (IEA) (2008) suggests that carbon capture and storage (CCS) can potentially make a significant contribution to reduce anthropogenic carbon dioxide (CO2) emissions to the atmosphere by 2050. As shown in Figure 2-1, the application of CCS technologies to power generation and other industrial activities can potentially contribute up to 19 percent emissions reduction by 2050. This is particularly important as the consumption of fossil fuels (particularly coal) is expected to continue to provide a large portion of the global energy demand over the coming decades.
Figure 2-1 Contribution of energy technologies to reduce CO2 emissions by 50 percent by 2050
Source: IEA Energy Technology Perspective, 2008
The importance of CCS as a strategy for mitigating climate change was reinforced by the Group of Eight (G8) at its 33rd meeting in Hokkaido on 8 July, 2009. There, the G8 Leaders affirmed their support for the launching of 20 large-scale CCS demonstration projects globally by 2010 with a view to beginning broad deployment of CCS by 2020.
The fundamental goal of the Global CCS Institute is to accelerate the commercial deployment of CCS projects. As such, an early focus of its activities is to work with others to achieve the G8 objective.
The purpose of this study is to conduct a comprehensive survey of CCS projects globally to determine their status as at March 2009. Analogously, the purpose of this study is to develop one single database that provides:
The database will be made publicly available through the Global CCS Institute’s website at http://www.globalccsinstitute.com. The public provision of this information will enable the Global CCS Institute to achieve one of its core objectives of sharing non-proprietary knowledge of CCS. The database will be updated and maintained by the Global CCS Institute.
Given that the focus of the G8 is to launch 20 large-scale CCS demonstration projects globally by 2010 with a view to beginning broad deployment of CCS by 2020, particular attention has been given in this report to the status of large-scale, integrated CCS projects.
To assist decision-makers better understand the status of these large-scale, integrated projects, the data were also assessed using the WorleyParsons Asset Lifecycle Model. The asset lifecycle model is used by WorleyParsons to assist project developers in delineating between the stages of a project’s development and operation. The model articulates a staged approach with a series of “go/no-go” decision gates, which ensures the technical and financial viability of a project throughout its lifecycle. By applying this model, decision-makers are better informed about the “real” status of large-scale integrated CCS projects to meet the G8 objective.
This study is undertaken to provide CCS stakeholders a comprehensive and contemporary set of data on the global status of CCS projects. Potential users include:
Primary and secondary data for this global survey of CCS projects have been collected from multiple sources. These include but are not limited to:
Data collected from these multiple sources have been reviewed and duplicate project entries removed accordingly. Quality control checks have also been undertaken using a combination of database reviews, direct engagement with proponents and internet searches to ensure the most contemporary and comprehensive information has been gathered.
Given the global nature of this activity, the administration and coordination of the data gathering and validation process has been divided into key regions of the world based on WorleyParsons’ office locations. These are:
Information on CCS projects has been sourced from multiple private databases. WorleyParsons, Schlumberger and the Electric Power Research Institute (EPRI) are leaders in the CCS project space and non-confidential information held by these organisations has been used to populate and/or validate entries in the Global CCS Institute database.
Relevant public domain databases such as the Massachusetts Institute of Technology (MIT) Carbon Dioxide Capture and Storage Database (2009) have also been used to cross-reference entries.
To obtain the most contemporary and comprehensive information available, a structured written survey was distributed to CCS stakeholders. This included members of the Global CCS Institute, CCS project proponents and technology vendors, government agencies and non-government organisations.
The structured questionnaire was used as the basis for collecting and arranging data gathered in the engagement of all key CCS stakeholders. The written questionnaire enabled consistent entry of information into the database, which allowed for comparisons between projects to be made.
The primary data collection and validation process also involved direct engagement with project proponents and other key stakeholders. Data gathering and validation comprised of the following activities.
Between June and August 2009, WorleyParsons and Schlumberger facilitated approximately 32 site visits, many of which were attended by representatives of the Global CCS Institute. These involved either visiting the “on-ground” project site (where practicable) or face-to-face meetings at a corporate office. The site visits and projects discussed are described below (by alphabetical country order).
Internet searches have also been employed to collect and validate project data available in the public domain. Internet searches have been conducted on specific CCS projects, technical papers, presentations and media articles.
Best endeavours have been used to secure, verify and organise the data collected in the global survey of CCS projects. As articulated above, numerous primary and secondary data sources have been used to collect and validate the data. However, despite these best endeavours, the database may have some limitations and exclusions arising from a range of factors beyond the authors influence. The limitations are listed below.
The reasons for these limitations are listed below.
There were key exclusions to the database. These are described below.
Despite these limitations and exclusions, the authors believe that the data set is robust. For example, when proponents of large-scale integrated projects chose not to be part of the survey, publicly available data has been sourced from the internet or secondary sources such as published literature. The data has also been checked on numerous occasions by the regional teams that collected the primary information to overcome any language issues as part of the quality control process.
Given the possible limitations and exclusions, the authors recognise that while the creation of the CCS project database is a significant step forward, it is but one step in an ongoing process. It provides a robust and rigorous platform upon which new CCS project information can be added, or existing information refined, by the Global CCS Institute going forward.
There are a significant number of CCS activities currently being undertaken around the world and across the various spectrums of scales and applications. The Global CCS Institute database was assembled to provide a single source of information on CCS projects worldwide as at 31 March 2009. The information below articulates how the database has been structured.
A standard Microsoft Windows based database management system, Microsoft Office Access 2003 (Access), was used to develop a relational table structure for storing CCS project information collected from various sources.
The structure of the database was determined by examining the data requirements specified by the Global CCS Institute, and is shown below. A data input template was also developed and used to assist in defining the fields and lists of valid entries for various summary categories. The data was separated into several related tables to accommodate the restrictions imposed by Access and the quantity of information collected.
As discussed in Section 2.3, the categorisation of CCS projects, particularly around the issue of scale, proved challenging. The challenges to categorising the project scale and the development of the metrics used in this study are presented in Appendix A. The project scale developed for this study is provided in Section 3.2.3.
The following basic criterion has been used to determine whether an activity captured in the database should be considered in the analysis for this report.
An activity intended to produce advancement in components, systems and processes which will support the commercialisation of integrated CCS solutions in either power generation or industrial applications with emissions greater than 25,000 metric tons per year of CO2.
Any activity that is only intended to be an academic study has been excluded from the analysis. It is considered to be research only, and therefore, subject to the exclusion articulated inSection 2.3.
The following project types have been used.
A capture only project is a plant installed with CO2 capture technology without transport or storage capabilities.
The concept of “capture ready”, similarly to project scale, is difficult to define given that there is no widely accepted definition of the term. In general, projects listed as capture ready have made some level of meaningful investment in the carbon capture portion of the project, which may include a level of design work to allow an allocation of plot space and the incorporation of tie-in points on the main process equipment. This allows for the relatively easy addition of a capture plant (retrofit concept) at a later stage in the project or plant’s lifecycle.
Capture and transport projects include the transportation of the captured CO2 by any of the various means detailed in Appendix C. An example may be a plant which is capturing and transporting the CO2 to the boundary of a third party, who may be using the CO2 for beneficial reuse such as EOR or in another industrial process.
A transport only project refers for example, to an operator of a pipeline who is receiving CO2 from independent source(s) and delivering it to third parties for further use. This occurs most frequently in the EOR business.
A transport and storage project is one where the project proponent is undertaking both the CO2 transport and storage elements. It receives the CO2 from an outside source(s).
The Storage Only project type is defined as a project which receives CO2 from an outside source(s) for storage.
As described above, an important metric to establish is the scale of CCS projects. The G8 statement on climate change and the environment is, “we strongly support the launching of 20 large-scale CCS demonstration projects globally by 2010, taking into account various national circumstances, with a view to beginning broad deployment of CCS by 2020” (Group of Eight, 2008). Scale forms the key aspect of the G8 objective, but what does “large-scale” mean?
The G8-IEA-CSLF (2007) published the results of its third workshop on “Near-Term Opportunities for Carbon Capture and Storage”, which gave as a high level recommendation the demonstration of CO2 capture and storage. This workshop stated that:
“The G8 must act now to commit by 2010, to a diverse portfolio of at least 20 fully integrated industrial-scale demonstration projects (larger than 1Mt per year), with the expectation of supporting technology learning and cost reduction, for the broad deployment of CCS by 2020.”
A key observation arising from this workshop is the articulation of the key metric of industrial (large) scale equating to greater than 1 million tonnes of CO2 stored per annum (1 Mtpa).
To address the challenge of categorising the CCS projects by scale, a global literature search has been conducted to investigate any other scaling metrics in support of the 1 Mtpa above, that are proposed or currently being used by various government agencies, funding organisations or other stakeholders involved in CCS. From this search it became apparent that there has been no harmonised approach on how CCS projects should be categorised with respect to scale. Some key highlights of the review are provided in Appendix A.
The review also showed that various stakeholders have used different metrics to determine the definition of large-scale CCS projects. Terms such as “industrial scale”, “large scale” and “commercial scale” are used interchangeably, often without a common basis of understanding. For this study, the term “commercial scale” is applied to describe the minimum level of CCS application required for the current industrial markets to adopt the technologies in commercial enterprises.
The following project scale categories, listed from smallest to largest, have been used.
A project specific set of metrics have been developed to classify the projects which are across numerous technologies and industries into these four categories.
There are two aspects to this metric:
The demonstration of CO2 storage
The metric for commercial scale CO2 storage used in this study is based upon the G8-IEA-CSLF volumetric rate of 1 Mtpa or greater, as discussed above. This is applied to integrated, storage only and transport and storage project types. The smaller scale categories are based on percentages of the commercial scale as presented in Table 3-1.
The development of CCS technologies to prove technical and commercial viability
Where a project does not involve storage of CO2, the approach adopted in this study is to categorise the scale of a project according to the product capacity of the facility. For example, the electric power industry will scale on the net electrical output and the aluminium smelting industry on the quantity (in tonnes) of aluminium produced per day.
Given that a number of existing CCS technologies are still at some stage of development, it is necessary to demonstrate, prove and optimise these technologies at their minimum scale necessary for that stage of development. Due to the relative immaturity of integrating the three key elements of CCS, demonstration of the integration of capture, transport and storage can only occur initially at a scale in line with the least developed component.
In the case of power generation, 90 percent of commercial in operation power plants in the USA fall within the range of 80 megawatt electrical (MWe) to 950 MWe. Therefore, for the power sector 80 MWe is used in this study as the minimum capacity for commercial scale in the absence of any storage component for the project. This is also the minimum commercial scale for the application of CCS to biomass fired power plants, as identified by EPRI in Foundation Report Four.
Once the technologies are proven to work for CCS applications, and performance guarantees are set under integrated CCS systems, the actual deployment of the technology is likely to occur on a larger scale than 80 MWe. For example, the commercial market for the power generation sector is currently constructing non-CCS power plants greater than 600 MW for coal fired IGCC and pulverised fuel power plants, and 250 MW for natural gas power plants and 80 MW for biomass fired power plants.
A similar approach of benchmarking has been applied to the other large emitting industries.
Capture only, capture ready and capture and transport projects that are not in any way integrated with the storage of CO2 have been categorised on the basis of these minimum commercial scales and the sub sets presented in Appendix A.
Table 3-1 Definition of project scale for CCS
Percent of Minimum Commercial Scale | Project Scale Category | Comments |
100% ≤ Scale | Commercial | Full commercial use of product |
10% ≤ Scale < 100% | Demonstration | Limited commercial use of product, or intermittent sale of product |
5% ≤ Scale < 10% | Pilot | No commercial use of product Operates on actual flue gases The smallest size of plant that works as an integrated unit |
Scale < 5% | Bench | No commercial use of product Operates on simulated flue gas Demonstrates only elements of a commercial design |
To better assist decision-makers in determining the status of CCS projects, all CCS projects have been characterised according to their state of advancement along the asset lifecycle model. The asset lifecycle model, shown in Figure 3-1, is used by WorleyParsons to delineate between the stages of a project’s development and operation. This articulates a staged approach with a series of “go/nogo” decision gates.
As can be seen in Figure 3-1, there are various levels of design definition, cost estimating, execution planning and risk analysis within each of the five cycle stages. This is intended to assist project developers in reducing technical and commercial uncertainty, and to allow them to make informed investment decisions at each decision gate.
Figure 3-1 The asset lifecycle model
Source: WorleyParsons, 2009
Based on the staged gate approach, project proponents are able to decide whether to allocate resources and funding to proceed to the next phase. The intent of the early decision gates is to maximise the probability of projects with weak business cases being detected early and stopped prior to further funding at the end of the “Define” stage. This enables project developers to generate more informed decisions.
The confidence of a project achieving the “Operate” stage increases as it progresses through its lifecycle, such that as the project reaches each decision gate, uncertainty surrounding the project’s technical and commercial viability is reduced. Therefore, if there is a large portfolio of projects in the “Identify” stage, it is reasonable to expect that a smaller proportion of these will proceed to the “Evaluate” stage. Based on industry experience with large capital investments such as power plants, an even smaller proportion of projects are expected to proceed to the “Define” phase, where funding to proceed to execution and operation is sanctioned.
It is important to note that although the probability of a project being cancelled diminishes as it progresses along the asset lifecycle, projects can still be cancelled at the Execute and Operate phases.
The magnitude of costs incurred to reduce technical and commercial uncertainty increases as the project progresses through the asset lifecycle. As a general guide, between 10 to15 percent of a project’s total installed cost can be spent to achieve completion of the “Define” phase.
One proponent, ZeroGen Pty Ltd that is developing a commercial scale, integrated IGCC with CCS demonstration project has estimated that the total installed capital cost of its project to be in the order of $US3 billion to $US3.2 billion (C Greig 2009, pers. comm. 4 September). Using the general estimate of 10 to 15 percent described above, the cost of advancing this project from the “Identify” stage to the end of the “Define” stage for both the power plant and field exploration costs (to define the storage resource) is in the order of US$300 million to US$480 million. While this illustrates the significant level of investment required, it is essential to ensure decisions are made based on robust and accurate information prior to sanctioning the commitment of even greater investments to projects.
The database includes fields which allow the projects to be sorted by host country or region. This allows for examination of the geographical spread of CCS technology application and to identify the most active regions and countries in the development and deployment of CCS. This classification is consistent with the regional breakdown across all reports for the Strategic Analysis of the Global Status of Carbon Capture and Storage. The regions are:
The data has also been organised according to whether projects have occurred in developed or developing countries as described by the United Nations (United Nations, 2008). As a result, projects in the USA, Canada, Europe Area, Japan and Australia and New Zealand are classified in the developed region. The developing region includes South America, Eastern Europe, Africa, Middle East, China, India Area and East Asia (excluding Japan).
The database includes a field for the industry in which the CCS project is located. The categories are listed below.
Capture projects in the database have been categorised by the following capture types.
The capture projects have also been categorised by the capture technology.
A discussion of these different capture types is contained within Appendix B.
For projects involving transportation, they have been categorised by the transport methods below.
A discussion of these different transportation methods is contained within Appendix C.
The database classifies storage projects according to the following categories.
Within each of these categories are a number of particular methods. A second level of classification is also provided in the database. These include:
The different storage methods are discussed in Appendix D.
Projects have also been categorised on their status, which have been grouped into the following categories.
The database of CCS projects contains a total of 499 entries. Of these, 224 entries are small-scale R&D activities. The details of these activities are recorded in the database but are not considered in the analysis of this report. Accordingly, data from 275 CCS projects that meet the criteria set forth in Section 3.2.1 form the basis of this study’s analysis.
Figure 4-1 articulates the hierarchy of analysis applied to interpret the data. This hierarchy leads to the analysis of the commercial scale integrated projects that have potential to support the G8 objective.
Figure 4-1 Hierarchy of analysis
Figure 4-1 shows the following division of the 275 CCS projects by status:
The active or planned projects are then examined further by their scale and CCS project type. Of the 213 active or planned projects, 101 are of commercial scale. Of these, 62 are considered as integrated that is, demonstrate the entire CCS process chain of CO2 capture, transport and storage.
This section is based on all 275 projects meeting the CCS project criteria for this study as defined in Section 3.2.1.
The 275 identified projects are distributed in regional areas as shown in Figure 4-2. The countries within the Europe Area where there are CCS projects have also been outlined in Figure 4-2.
Figure 4-2 Total projects by geographic region
The data reveals that the USA is the most active country in CCS projects, accounting for 37 percent of the identified projects. There is also significant activity in the Europe Area, which accounts for 24 percent of all identified CCS projects followed by Australia and New Zealand, Canada and China.
There is evidence of widespread activity across the Europe Area. This may be driven by CCS competitions, initiatives and funding schemes that are applied across the European Union (EU).
The 275 identified projects categorised by status (as described in Section 3.2.10) are shown in Figure 4-3.
Figure 4-3 Total projects by status
Out of the 275 projects listed, 213 projects (77 percent) are active or planned at this stage in time. This includes projects which are in the operating phase. These projects are discussed in further detail in Section 4.3.
There are 60 projects that have been delayed, cancelled or completed, and two where the project proponents have decided to withhold information on this category. The sub set of completed CCS projects will be explored in further detail in Section 4.2 and the cancelled or delayed projects discussed in Section 4.6.
The data shows that there are 34 completed CCS projects out of a total of 275 CCS projects identified. The breakdown of completed projects by scale are:
The breakdown of completed CCS projects by their project type are:
The majority of the completed projects are relatively small in scale. This may be because the economic, technical, regulatory and public acceptance challenges were smaller or fewer at this scale. As a result, these challenges did not present significant barriers to these projects.
The one commercial scale project within this subset was completed at the Identify phase, which was a feasibility study conducted on the application of oxyfuel combustion technology on a coal-fired power plant.
No integrated projects have been completed at any scale.
This section considers the projects that are active or planned. By removing the projects that have been delayed, cancelled, completed or not categorised, this subset includes 213 projects.
The geographic distribution of active or planned CCS projects follows a similar trend to that of all projects (shown in Figure 4-4), with the USA and Europe Area being dominant. Australia, Canada and China also represent significant activity.
Figure 4-4 Active or planned CCS projects by geographic region
The projects have also been characterised according to the metrics developed for project scale (as described in Section 3.2.3). Figure 4-5 shows that for the 213 active or planned CCS projects, the current state of development is such that most projects fall into the demonstration or commercial category.
Figure 4-5 Breakdown of active or planned CCS projects by scale
Of the total 213 active or planned projects, there are 101 active or planned projects identified which fit the commercial scale category according to the criteria developed for this report. This represents 47 percent of this subset. There are an additional 63 projects (30 percent) which are currently demonstration scale. Together these categories account for 77 percent of the 213 identified projects. This distribution is unexpected given the perceived relative immaturity of CCS worldwide. For an emerging technology space it is generally expected that most projects will be bench scale, with a downward trend of project count as it approaches commercial scale.
Greater examination of the data presented in Figure 4-5 shows that 73 (72 percent) of the commercial scale projects are being planned (see Figure 4-6), that is, they are at the Identify, Evaluate or Define stages of the asset lifecycle prior to project sanction. This may represent the large number of projects currently being proposed globally in response to government funding initiatives and grants.
The largest number of active projects is at demonstration scale. This subset represents 44 percent, or 34 of the total 78 active projects. The second largest group of active projects are at commercial scale, representing 28 projects (36 percent).
The distribution of the 213 active or planned CCS projects according to the WorleyParsons asset lifecycle stages, as described in Section 3.2.4, is shown in Figure 4-6.
Figure 4-6 Active or planned CCS projects by asset lifecycle stage
Figure 4-6 shows that the largest number of active or planned CCS projects is in the Evaluate stage. There are collectively 135 projects in the Identify, Evaluate and Define stages, representing 63 percent of all active or planned CCS projects. This shows a dynamic level of activity and a significant pipeline of potential CCS projects being investigated.
The current listing of projects by CCS project type (as discussed in Section 3.2.2) is shown in Figure 4-7.
Figure 4-7 Active or planned CCS projects by type
The active or planned CCS projects are dominated by integrated, capture only and storage only CCS project types.
With integrated being the second largest category, this could indicate that the majority of activity being identified is in response to the current raft of stimulatory funding competitions and programs in key regions which are dictating that projects be of an integrated type to be eligible.
The majority of the 83 capture only projects are in the power generation sector (53), followed by fertiliser production (10) and gas processing (9).
Of the storage only projects, 21 are for beneficial reuse (such as EOR or EGR) and 19 for geological storage. There are six storage only projects that are storing or planning to store using terrestrial storage methods such as bio-sequestration in agricultural lands or forests. The remaining one storage only project is currently not categorised.
The four projects which are listed as transport only are:
Several projects form systems that are deemed to be integrated, although they comprise of individual projects and/or owners. For example, the Dakota Gasification project feeds the Weyburn EOR project and is considered an integrated system. However, elements of the CCS chain are owned and operated by separate entities. In the database, these are treated as separate entries. For the purposes of this analysis, projects of this type have been reviewed and considered as an integrated system, which is discussed in Section 4.5.
Within the 213 active or planned projects, 159 of these employ a form of CO2 capture as stated in Section 3.2.7 (pre-combustion, post-combustion or oxyfuel combustion). The distribution and project counts are shown in Figure 4-8.
Figure 4-8 Active or planned CCS projects by capture type
Figure 4-8 shows that PCC is the most common form of CO2 capture represented in this subset, accounting for 48 percent of all CO2 capture applications. This is possibly due to project proponents considering the use of PCC to retrofit existing power plants and other sources of large stationary emissions, for example, in steel production facilities.
Pre-combustion capture is almost exclusively used in conjunction with gasification technologies. Oxyfuel combustion technologies are inherently associated with the actual process of combusting fuel, and at this stage, are largely being developed for power generation. It can be applied to both new-build or as a retrofit to an existing conventional power plant.
The subset of pre-combustion capture also includes CO2 separation from natural gas processing facilities. This is categorised in this study as pre-combustion as the process is similar to that used for gasification plants and the separated natural gas product is eventually combusted by an end user. A crucial difference between natural gas processing and processing of a synthesis gas produced by gasification is that the remaining natural gas is still a hydrocarbon, which will produce additional CO2 when combusted by the end user. The synthesis gas is largely pure hydrogen as nearly all of the carbon content is converted to CO2 during the gasification and subsequent shift reactions dependent on the capture efficiency of the process.
Of the 56 projects identified as using pre-combustion capture, 11 of these are natural gas processing plants. The significance of natural gas processing with respect to demonstration of CCS is discussed further in Section 4.5.
Within the 213 active or planned projects, 129 of these projects involve a form of CO2 storage. Figure 4-9 shows the distribution of projects by storage method employed as stated in Section 3.2.9.
Figure 4-9 Active or planned CCS projects by storage type
The survey shows that geological storage and beneficial reuse are the major methods currently being undertaken or being planned for sequestering the captured CO2. Collectively they account for 89 percent of the projects which include a storage component. Geological storage represents 55 percent of storage projects, while beneficial reuse accounts for a further 34 percent.
Of the projects undertaking or planning to undertake geological storage, 53 percent are for storage in saline reservoirs and 28 percent are for storage in depleted oil or gas fields. The remaining 19 percent of the geological storage projects are not specified by proponents at this stage in time.
Of the projects considering beneficial reuse, 55 percent are for EOR. This is unsurprising as EOR has been applied for many decades. The next most common forms of beneficial reuse are EGR and ECBM recovery, accounting for 11 percent each. These projects are able to partially offset the cost of storing CO2 by the revenue associated with enhanced oil or gas production.
There is ongoing conjecture on the validity of beneficial reuse of CO2 for EOR and the other beneficial reuse types of storage as long-term storage options for CCS.
Measurement, monitoring, and verification (MMV) associated with beneficial reuse is the means of determining how much actual CO2 has been stored in the reservoir. The remaining CO2 is extracted with the resource (eg oil, coal seam methane) and then recycled for use in the injection and recovery process. This, therefore, requires measuring the amount received from the capture plant and injected, as well as measuring the amount that is separated from the resource being extracted for recycling. The MMV process must also include monitoring of any leakage from the reservoir and this must continue after the recovery of the resource has ceased. This is to ensure the integrity of the reservoir. It is important to note that not all the projects identified as using EOR or other beneficial reuse are performing MMV because it results in additional capital and operating costs. The application of MMV to these projects could significantly advance learnings in subsurface storage.
Given the paucity of information on storage, MMV should be incorporated on EOR so that learnings can be generated and shared to facilitate the achievement of the G8 objective. However, the incorporation of MMV will result in higher capital and operating costs. It also generally requires an ongoing operating presence long after cessation of the actual recovery of oil or gas from the reservoir.
Use of MMV will also provide a better understanding of the magnitude of storage capacity available from beneficial reuse sites in relation to the very large quantities of CO2 which must be stored in order to make significant reductions to global emissions.
The remaining 10 beneficial reuse projects are not utilising CO2 for EOR, EGR or ECBMR. Three examples of these are:
This last project is an example of mineralisation as a storage method. It converts the otherwise caustic residue from the bauxite to alumina (which is the feedstock for aluminium smelting) refining process to an inert carbonate product. Mineralisation as a sequestration method is discussed in Appendix D.
The 213 active or planned CCS projects were also arranged by the facility type as stated in Section 3.2.6. This includes a range of facilities from government sponsored research laboratories to commercial hydrocarbon refineries. Other types of facilities where CO2 capture is currently being utilised, or is being planned to be applied, include power generation, fertiliser production, iron/steel production and gas processing plants as shown in Figure 4-10.
Figure 4-10 Active or planned CCS projects by facility
The listing of CO2 sequestration and oil/gas recovery facilities reflects those projects that have no capture component. These facilities obtain their CO2 for sequestration or resource recovery from naturally occurring reservoirs of CO2.
Figure 4-10 shows that efforts to develop CCS projects are concentrated in the power industry, representing 49 percent of all active or planned projects. This is a positive development, given the current and estimated contribution of the fossil fuel power generation sector to global CO2 emissions.
The gas processing and oil/gas recovery industries represent the next largest group of facilities that are considering, or are currently applying, CCS.
The survey revealed that the iron and steel production industry, another source of significant CO2 emissions, only had three active or planned CCS projects. These are the:
These projects are all being undertaken by ArcelorMittal & Ultra-Low-CO2-Steel (ULCOS) for the implementation of blast furnace technology to capture CO2 emissions.
Based on the data gathered in this survey, other large CO2 emitting industries such as cement, alumina refining and aluminium smelting do not represent any significant activity in the CCS space. This is disappointing given these large stationary emitters currently, and are forecast to be, significant contributors of anthropogenic CO2 emissions to the atmosphere.
Active or planned CCS projects in the power generation sector
Further to the analysis provided in Section 4.3.7, the active or planned CCS projects in the power generation sector are arranged by their position in the asset lifecycle, as shown in Figure 4-11.
Figure 4-11 Active or planned CCS projects in power generation sector by asset lifecycle stage
Figure 4-11 shows that 73 percent of the 105 active or planned CCS projects in the power generation sector are in the Identify, Evaluate or Define stages. These represent the stages of a project’s lifecycle prior to project sanction. A further 26 percent of these are in the Execute or Operate stages of the asset lifecycle. One of the projects in this subset is not categorised, due to unavailable data on the project’s CCS component to identify its stage in the asset lifecycle.
The distribution of active or planned CCS projects in the power generation sector by CO2 capture type shows that 60 projects (57 percent) are PCC, 24 projects (23 percent) pre-combustion and 12 projects (11 percent) oxyfiring. The remaining 9 percent of capture types for active or planned projects in the power generation sector are not defined. This is largely consistent with the distribution of capture types across all active or planned CCS projects as presented in Section 4.3.5.
The 14 projects in the Operate stage are summarised in Table 4-1 below.
Table 4-1 Operating CCS projects in the power generation industry
Of the operating CCS projects in the power generation industry, 12 use coal as the feedstock with the remaining two using natural gas. There is only one operating CCS project in the power generation industry which is applying oxyfiring technology. Of all the operating projects, the greatest CO2 capture rate is in the order of 300,000 tpa.
Of the 213 active or planned CCS projects, 101 of these are at commercial scale. This section considers those CCS projects in the database that have been classified with their status as active or planned and are of commercial scale, as per the metrics identified in Section 3.2.3.
Figure 4-12 illustrates the regional breakdown of the active or planned, commercial scale CCS projects.
Figure 4-12 Active or planned, commercial scale CCS projects by region
The largest number of these active or planned, commercial scale CCS projects are in the Europe Area and the USA, each accounting for 33 percent. This is followed by Canada (12 percent), Australia (8 percent) and China (5 percent).
There are no active or planned, commercial scale CCS projects identified in the India Area, South America or Japan. However, the Nakoso IGCC CCS demonstration plant in Japan operates a 250 MW IGCC plant, and the proponents are evaluating the potential to store up to 100,000 tonnes of CO2 per year. Furthermore, Japanese OEMs are active in facilitating commercial scale CCS projects in other countries such as Australia, Malaysia and the USA.
The authors understand that CCS projects are being considered in the India Area and in South America, particularly Brazil, for energy security purposes.
Active or planned, commercial scale CCS projects in developing countries
Nine of the 101 active or planned, commercial scale CCS projects are located in developing nations. The classification of “developed” and “developing” countries is consistent with the standard described by the United Nations (United Nations, 2008) as stated in Section 3.2.5. These projects are listed below in order of asset lifecycle stage.
Table 4-2 Active or planned, commercial scale CCS projects in developing countries
Project | Location | Project Description | Asset Lifecycle Stage |
Yulin Chemical plant | Shanxi Province, China | A coal to chemicals plant is being studied for storage via various routes | Identify |
Bintulu LNG Plant | Malaysia | Capture, transport and storage of CO2 | Evaluate |
Lianyungang IGCC | Jiangsu, China | CO2 captured from post or pre-combustion capture to be transported and stored | Evaluate |
Dongguan Taiyangzhou IGCC | Guangdong, China | Pre-combustion CO2 capture for transport and storage | Evaluate |
GreenGen IGCC | Tianjin, China | Pre-combustion CO2 capture for permanent storage or EOR | Evaluate |
Masdar CCS | UAE | CO2 from a power plant, steel and aluminium production for pipeline transport to EOR | Define |
Hydrogen Power Abu Dhabi (HPAD) | Abu Dhabi, UAE | Capture portion providing CO2 to the Masdar CO2 transportation project (below) | Define |
Huaneng Shanghai Shidongkou Power Plant | Shanghai, China | CO2 capture from a coal-fired power station for industry use | Execute |
In Salah CO2 Injection | Ouargla, Algeria | CO2 is separated from produced gas and is transported by pipeline to a fully operational onshore gas field | Operate |
The number of active or planned, commercial scale CCS projects in developing nations is encouraging, particularly given the challenges CCS proponents face such as limited access to capital and immature regulatory frameworks. However, from the perspective of current and predicted global CO2 emission sources, the small number of projects in these countries relative to developed nations is concerning.
Figure 4-13 presents the distribution of active or planned, commercial scale projects by their CCS project type.
Figure 4-13 CCS project types for active or planned, commercial scale projects
Figure 4-13 shows that integrated and capture only projects represent the largest categories of the active or planned, commercial scale projects.
Further analysis was conducted to compare the position in the asset lifecycle of projects that are part of an integrated system, or exist as a standalone CO2 capture, transport or storage project.
The first column of Table 4-3 shows the asset lifecycle stage for active or planned, commercial scale CCS projects that are not integrated. At commercial scale, these projects are all either capture only or capture ready. The second column of the table presents the distribution across asset lifecycle stages for projects that are integrated, either being undertaken entirely by a single entity or integrated as a cooperative chain of separate CCS entities (that is, ‘dependent’ integrated CCS projects). For the latter case, these CCS projects would be dependent on at least one other entity to complete the CO2 capture, transport and storage process chain.
Table 4-3 Asset lifecycle stage of active or planned, commercial scale CCS projects
Asset Lifecycle Stage | Not Integrated | Integrated (either independently or as part of a complete CCS system) |
Identify | 5 | 22 |
Evaluate | 2 | 21 |
Define | 2 | 21 |
Execute | 7 | 7 |
Operate | 4 | 10 |
Table 4-3 shows that the projects that are not integrated are relatively well distributed across all stages of the asset lifecycle. On the other hand, the projects that are Integrated in some way are most significantly represented in the Identify, Evaluate or Define stages. That is, 79 percent of active or planned, commercial scale projects that are integrated in some way are at a stage of development prior to project sanction.
A filter was applied on the 101 active or planned, commercial scale projects to determine if they are integrated. This category of projects is of particular interest to the G8 and the Global CCS Institute. This section presents projects that are:
There are 62 projects that meet the three criteria above. Of the 62 projects, 30 have been classified as ‘dependent’ projects. This indicates that these projects involve separate capture, transport and storage activities that are connected to form an integrated CCS system.
An example of this is the Genesee CCS Project where separate entities are undertaking the CO2 capture, transport and storage components.
The active or planned, commercial scale, integrated projects are represented graphically in Figure 4-14 by their geographic location, capture facility and storage type. The following tables (Table 4-4 through Table 4-8) summarise these projects by their position in the asset lifecycle and are ordered by estimated or actual date of operation. Some of the estimated start dates may be optimistic because of the current uncertainties faced by CCS project proponents in regards to regulations, finance and stakeholder acceptance, for example. The projects by region and asset lifecycle are summarised in Figure 4-15.
The notations, units and acronyms used within the following tables are summarised below.
Figure 4-14 Active or planned, commercial scale, integrated CCS projects by capture facility, storage type and region
Table 4-4 Active or planned, commercial scale, integrated CCS projects at Identify stage
Table 4-5 Active or planned, commercial scale, integrated CCS projects at Evaluate Stage
Table 4-6 Active or planned, commercial scale, integrated CCS projects at Define stage
Table 4-7 Active or planned, commercial scale, integrated CCS projects at Execute stage
Table 4-8 Active or planned, commercial scale, integrated CCS projects at Operate stage
Figure 4-15 Number of active or planned, commercial scale, integrated CCS projects by region and asset lifecycle stage
The Europe area with 23 (37 percent) of the active or planned, commercial scale, integrated CCS projects has the most projects of any region. This could be largely attributed to the 2007 commitment by the European Union (EU) Heads of State and Government to construct 10 to 12 full-scale CCS demonstration plants by 2015. To support this, 300 million EU emission allowances have been allocated as part of this funding mechanism (Bellona, 2008).
The USA has the second highest number, with 15 active or planned, commercial scale, integrated CCS projects. Three of the projects in the USA are currently operating – these are the Val Verde, Salt Creek EOR and Rangely EOR projects.
Australia has seven projects within this subset, of which all are distributed in the earlier lifecycle stages prior to sanction with no projects in the later Execute or Operate stages. Canada has six commercial scale, integrated CCS projects, including the Weyburn EOR project which has been in operation since 2000.
There are currently no active or planned, commercial scale, integrated CCS projects in India, Japan or South America. In the case of Japan, the authors understand that some proponents are considering options for the permanent storage of CO2 in integrated projects.
Of the 62 projects, 30 are dependent projects as described in Section 4.5. These are considered to be integrated as all three components will, or are planned to be, linked as an entire CCS chain. These 30 projects are categorised into the following CCS types.
Of the nine storage inclusive projects, five are planning for geological storage. The remaining four projects currently use, or are planning to use, the CO2 for EOR.
These nine storage inclusive projects are integrated with a CO2 capture plant that is operating as a separate entity. The CO2 is obtained from:
There are also two projects that are categorised as transport only projects. These are the Masdar project in Abu Dhabi that is in the Define phase and the Val Verde CO2 Pipeline in the USA that is operating. Both proponents are focussing on the transport of CO2 by pipeline as their method. However, the supply of CO2 and its injection for EOR are managed as separate businesses.
Of the transport only projects, the supply of CO2 is sourced from, or is planned to be sourced from, the following facilities:
Of the active or planned, commercial scale, integrated CCS projects, 19 of these are categorised as capture only or capture and transport project types. These projects are part of a fully integrated “source-to-sink” scheme with the transport and/or storage elements operated by other proponents.
The CO2 is captured from the following facilities.
Excluding the 30 integrated CCS projects that are dependent as mentioned above, there are 32 commercial scale, integrated CCS projects which are being undertaken by a single project proponent across the entire CCS process chain. These can be categorised into the following capture facility types.
Power projects
Of the total 62 active or planned, commercial scale, integrated projects 41 (66 percent) are in the power generation sector.
Of these power generation projects, 27 (66 percent) identify coal as the primary feedstock. Three of the active or planned, commercial scale, integrated projects utilise natural gas as their feedstock. The remaining 11 projects identify multiple feedstocks being coal and some form of hydrocarbon (biomass, petcoke or pitch). Therefore, a total 38 out of 41 active or planned, commercial scale, integrated CCS projects in the power generation sector identify coal as a feedstock. This is encouraging given the current and predicted future use of coal for power generation and the ensuing need to reduce GHG emissions to atmosphere.
It is also interesting to note that all of the 41 active or planned, commercial scale, integrated projects in the power generation sector are still in the Identify, Evaluate or Define phases prior to project sanction. There are 15, 17 and nine projects in these stages, respectively.
The storage types for the 62 active or planned, commercial scale, integrated projects are identified below.
Geological storage represents a significant opportunity to store CO2 in the volumes required to enable significant reductions in emissions to the atmosphere. The data shows that 63 percent of project proponents are considering this storage type. Beneficial reuse represents 26 percent of storage types that are currently operating or are being considered by proponents. Two proponents are considering both storage types and have not made a decision at this stage.
The beneficial reuse projects are either currently or planning on using the CO2 for EOR. They are also all located in Canada, USA and the UAE.
The projects planning to use geological storage methods are more widely spread in terms of geographic location. These projects are located in Africa, Australia, Canada, China, East Asia, Eastern Europe, Europe Area and the USA.
For those active or planned, commercial scale, integrated projects with a specified storage type of geological storage or beneficial reuse, their current positions in the asset lifecycle are shown in Table 4-9.
Table 4-9 Asset lifecycle stage for commercial scale, integrated projects by storage type
Asset Lifecycle Stage | Geological Storage | Beneficial Reuse |
Identify | 14 | 1 |
Evaluate | 14 | 3 |
Define | 8 | 6 |
Execute | 0 | 2 |
Operate | 3 | 4 |
Total | 39 | 16 |
The projects utilising beneficial reuse as a storage type occur relatively evenly across all stages of the asset lifecycle. This reflects the maturity of this storage type with current operating and near-operation EOR projects in Canada, the USA and the UAE. Conversely, 92 percent of active or planned, commercial scale, integrated projects that are storing or planning to store CO2 in geological formations are in the first three stages of the asset lifecycle. The three outliers that are currently operating and storing in geological formations are the Sleipner CO2 Injection Project in the North Sea, the In Salah CO2 Injection Project in Algeria and the Snøhvit CO2 Injection Project in the Barents Sea. All these projects are obtaining their CO2 from natural gas processing plants, in which CO2 removal is part of the process.
A number of the projects proposed in the Europe Area are considering offshore storage options in the North Sea area where the likes of the Sleipner and Snøhvit projects are currently operating
As part of the survey the proposed dates of operation for the CCS projects were provided. By excluding the seven operational projects from the 62 commercial scale, integrated projects, the remaining 55 projects have operational start dates ranging from 2009 through to 2020. Clearly, in the unlikely event that all of the projects progressed through to the Operate stage, the G8 objective would be met.
It is interesting to note that a large number of projects in Europe have identified 2015 as their date of operation. This is influenced by policy mechanisms that provide financial support to demonstration projects that are proposed to be operating by 2015.
Industry experience suggests that the development of large industrial facilities from conception in the Identify stage through to operation generally range from seven to ten years. Given that close to half of the commercial scale, integrated projects are dependent on other entities to complete the CCS process chain, many of the nominated timeframes are ambitious.
Of the 275 CCS projects in the database, 26 (9 percent) have been cancelled or delayed. These are discussed in the following section. This percentage should not be considered to be an indicator of a failure rate for CCS projects as it is a snap shot of the status at this time. It is likely that there have been a number of projects which have failed some time ago and not been captured in the database. Also, of the projects that have been identified in this study now, it is likely that many of these will be delayed or cancelled over time. In reality, the failure rate (and analogously, success rate) for CCS projects is unknown as it is subject to a constellation of factors and the CCS industry is still in its infancy. However, some useful observations can be made from the survey of projects that have been delayed or cancelled to date.
Figure 4-16 shows the majority of cancellations or delays occur during the first three asset life cycle stages. Of the cancelled or delayed projects, 24 (92 percent) were cancelled or delayed in the Identify, Evaluate, or Define stage.
Figure 4-16 Cancelled or delayed projects by asset lifecycle stage
Figure 4-17 shows the distribution of cancelled or delayed projects by their geographic location.
Figure 4-17 Cancelled or delayed projects by region
Table 4-10 Cancelled or delayed projects by region
Cancelled or Delayed Projects By Region | Number of Cancelled or Delayed Projects | Number of Total Projects |
Australia and New Zealand | 4 | 27 |
China | 0 | 16 |
East Asia (ex. Japan) | 1 | 5 |
India Area | 0 | 6 |
Japan | 0 | 12 |
East Europe | 1 | 8 |
Europe Area | 11 | 66 |
Middle East | 0 | 3 |
Africa | 0 | 2 |
South America | 1 | 2 |
Canada | 3 | 24 |
USA | 5 | 104 |
TOTAL | 26 | 275 |
The Europe Area has the greatest number of cancellations and delays, with a total of 11 projects (42 percent). This is followed by the USA (5 projects or 19 percent), Australia (4 projects or 15 percent) and Canada (3 projects or 12 percent). This pattern is consistent with the geographic distribution of CCS projects highlighted in Section 4.1.2. Analogously, the regions with the highest number of total CCS projects are likely to have the highest number of cancellations or delays.
Further examination of the cancelled or delayed projects, relative to the total number of projects in a region, shows that for the Europe Area the cancelled or delayed projects represent 17 percent of their total projects. The portion of cancelled or delayed projects relative to total projects is 15 percent in Australia and 13 percent in Canada. It is interesting to note that the cancelled or delayed projects in the USA consist of only 5 percent of all projects identified in the country. This may be due to the large number of projects in the USA obtaining their CO2 as part of natural gas processing or injecting the CO2 for EOR. As stated, the economics of CCS projects with EOR is improved by the reduced costs associated with the capture plant and the revenue resulting from the recovered oil.
The cancelled or delayed CCS projects by type are graphically represented in Figure 4-18.
Figure 4-18 Cancelled or delayed CCS projects by project type
Capture only and integrated CCS project types account for 23 out of 26 (88 percent) of the cancelled or delayed projects. This may be due to the CO2 capture component present in both capture only and integrated projects being a major cost in the CCS chain.
The cancelled or delayed CCS projects by facility are graphically represented in Figure 4-19.
Figure 4-19 Cancelled or delayed projects by facility
Seventeen (65 percent) of the 26 cancelled or delayed projects are in power generation.
Of the 26 cancelled or delayed projects, 20 of these (77 precent) are commercial scale. A further five are demonstration scale and one pilot scale. Larger scale projects may carry greater inherent financial, regulatory, technical and public acceptance issues, resulting in them being more likely to be cancelled or delayed.
The survey provided CCS proponents with the opportunity to identify and rank their perceptions of the challenges to CCS deployment. A total of 134 responses were received.
Based on the literature, four challenges to deployment were identified to act as prompts in seeking responses to this issue.
The four challenges to deployment provided were:
Project proponents had the opportunity to identify up to two other challenges. They were also asked to rank these challenges from most important (1) to least important (6). A weighted average of the responses to the challenges was determined based on the total number of mentions for each challenge. Using this methodology, the higher the numerical weighted average calculated for a challenge, the greater its significance.
Due to the relatively small number of responses from project proponents on identifying challenges beyond the four stated above, these data were analysed separately.
The results of the survey on the four challenges provided in the questionnaire are summarised in Table 4-11.
Table 4-11 Ranking of designated challenges to deployment
Challenge Rank | Financing | Regulations | Costs | Public Acceptance |
1 | 21 | 37 | 24 | 29 |
2 | 20 | 19 | 40 | 12 |
3 | 37 | 25 | 31 | 18 |
4 | 27 | 27 | 19 | 25 |
5 | 17 | 7 | 9 | 20 |
6 | 3 | 11 | 1 | 17 |
Total Value | 492 | 523 | 544 | 438 |
Total | 125 | 126 | 124 | 121 |
Weighted average rank | 3.94 | 4.15 | 4.39 | 3.62 |
Based on the ranking methodology used, the costs associated with CCS has been identified as the most significant challenge to deployment. This is followed by regulations, financing and public acceptance. However, it is reasonable to say that all four are considered to be significant challenges.
The results of the rankings of the other challenges are summarised in Table 4-12.
Table 4-12 Ranking of other challenges to deployment
Challenge Rank | Technology | Storage |
1 | 3 | 6 |
2 | 3 | 4 |
3 | 2 | 2 |
4 | 2 | |
5 | 4 | 1 |
6 | 1 | |
Total value | 49 | 73 |
Total mentions | 12 | 16 |
Weighted average rank | 4.08 | 4.56 |
When given the opportunity to select two other key challenges to CCS deployment, the majority of respondents identified issues around CCS technology and storage.
Given the small sample set for the storage and technology challenges in Table 4-12 the conclusions should be considered as a guide only.
Further examples of the challenges articulated by project proponents in the survey included the following:
Of the 26 cancelled or delayed projects, 14 (53 percent) responded to the survey by providing information on the issues encountered. The main themes identified in these responses are listed below.
Some potential challenges associated with the dependent projects are listed below.
It should be noted that in the database, those projects that involve separate capture, transport and storage activities but form an integrated CCS system have separate listings. An example of this is the Masdar CCS project, where the capture component is listed as a separate project in the database from the transport and storage component. For this analysis, these projects are classified as ‘dependent.’
The data gathered by this global survey shows that there is a healthy degree of CCS activities around the world. The data shows that there are 62 active or planned, commercial scale, integrated CCS projects in the development pipeline.
When projected against the G8 objective of launching “20 large scale CCS demonstration projects globally by 2010…with a view to beginning broad deployment of CCS by 2020” the data shows that the first part of this commitment has arguably been achieved. However, stakeholders faced with the responsibility of facilitating the second part of the G8 objective must confront the reality that many of these projects will not proceed to the Operate stage.
As identified in Sections 4.6 and 4.7, the successful deployment of CCS projects is subject to a constellation of challenges. While there is a great deal of literature on general deployment challenges, there are few, if any, specific studies on CCS project failure rates. This may be due to the fact that the historical experience in developing CCS projects is very limited. Furthermore, and as this study has experienced, many proponents associated with failed projects do not wish to disclose any information. Therefore, it is difficult to quantify failure rates with a high degree of certainty.
However, to address this gap, this study attempts to provide a rudimentary framework on the potential failure rates of commercial scale, integrated demonstration CCS projects. This is done by using as a proxy the failure rates of other low emission renewable energy sources such as solar and wind articulated in a report prepared for the California Energy Commission in 2006. As stated above, the authors acknowledge that this approach is rudimentary given gaps in the literature, time constraints and the scope of this project.
The failure rates of renewable energy projects was considered by Kema (2006) in a report entitled “Building a “Margin of Safety” Into Renewable Energy Procurements: A Review of Experience with Contract Failure.” This report considered the failure rates of renewable energy projects such as solar and wind in the USA and Europe. Some of the key reasons for the failure of renewable energy projects, particularly for the USA, are described below. Some of these reasons are similar to the challenges faced by CCS project developers.
The study found that the potential failure rate for low emission renewable energy projects in the USA could be as high as between 50 to 80 percent.
If CCS project failure rates comparable to those observed for renewable energy projects occur, 50 to 80 percent of the projects in early stages may never be completed.
Using the asset lifecycle model, a hypothetical scenario of failure rates suggests between five and eight in 10 projects will not proceed to the Operate stage. These scenarios are described below as applied to the 55 commercial scale, integrated CCS projects that are currently being proposed.
The pessimistic scenario adopts the upper end of the estimate of failure rates across all projects that are not already in operation.
The optimistic scenario considers those integrated CCS projects that are proposing EOR or natural gas processing CO2 capture plants. Assuming that all of the 19 proposed projects with either EOR or natural gas processing succeed and applying the 80 percent failure rate to the remainder, there may be a total of 26 projects that make it to operation.
The realistic scenario applies a failure rate to the EOR or natural gas projects of 40 percent. With this assumption, it is possible that 18 of these projects proceed to the Operate stage.
These scenarios are presented graphically in Figure 4-20.
As described in Section 4.5, of the 62 active or planned, commercial scale, integrated CCS projects, 30 of these were classified as ‘dependent’ projects. The failure rates of these projects could be compounded relative to the fully integrated CCS projects being developed by a single entity. This is because these are dependent on the success of separate project owners’ and/or operators’ of projects to make the entire CCS chain function.
Figure 4-20 Hypothetical failure scenarios for commercial scale integrated CCS projects
This analysis on the global status of CCS projects is a first step in an ongoing process of data collection, analysis and reporting. The status of CCS projects is dynamic and in a constant state of flux. Going forward, the Global CCS Institute has a key role to play in updating the entries into the database to ensure its currency. Through this, the Global CCS Institute can play a critical role in disseminating information on CCS projects, outlining key learnings on overcoming deployment challenges, and identifying pitfalls to avoid.
This analysis has also identified a number of active or planned, commercial scale, integrated CCS projects. The Global CCS Institute should engage with the project proponents to ascertain the nature and level of support it can provide to ensure the success of these projects. It is highly likely that the nature and level of support will be project specific. A higher level of engagement will maximise the potential for strategies to be developed to overcome deployment challenges.
This study also identified an absence of commercial scale, integrated CCS projects in many regions and countries of the world. India and South America do not have any projects that meet this scale while Africa had one. The Global CCS Institute should attempt to engage with CCS stakeholders in these nations and regions to identify potential partnerships. This exercise could be undertaken by developing national CCS strategies with in-country partners. These national strategies could identify the current situation in regards to CCS, and undertake gap analyses and action plans to progress CCS deployment.
It is evident that among a number of the projects that are being proposed have business cases which are not consistently well developed across the three elements of the CCS chain. Many proponents are advanced in defining the capture plant however, they are not as advanced in defining the transport and storage components of the project. . In some cases this is because proponents are dependent on other infrastructure projects such as transport networks and storage solutions to deliver these components of the integrated system. Facilitation will be required to assess the business cases of these dependent projects if they are to contribute to the G8 objective
There is a need for learnings about CCS project development to be collected and shared globally. Dissemination of this information is vital to avoid pitfalls and to inform other proponents that may be facing similar challenges. This is a key area where the Global CCS Institute could take a leading role.
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The following section presents key highlights of the global literature review conducted on the categorisation of project scale. These case studies were used to inform the project scale definitions as described in Section 3.2.3.
IEA Greenhouse Gas R&D ProgrammeThe International Energy Agency (2009) defined indicative criteria for large-scale operational projects as those that:
- Were, or had been operational by the end of 2008 and either:
- captures over 10,000 tCO2 per year from flue gas;
- injects over 10,000 tCO2 per year with the purpose of geological storage with monitoring;
- captures over 100,000 tCO2 per year from any source;
- coal-bed storage of over 10,000 tCO2 per year.
- Commercial CO2 EOR is excluded unless there is a monitoring programme to provide learning;
- Does not need to be fully integrated; and
- Also for this Announcement, at least 300,000 tons per year of CO2 emissions from the demonstration plant must be captured and sequestered or put to beneficial reuse. A 30 day running average will be used to determine if the project successfully meets the carbon dioxide capture efficiency and the capture and sequestration or beneficial reuse rate requirements of this Announcement.
This requirement of 300,000 tons per year could be met with a power plant as small as 50 MWe depending upon the technology and choice of fuel.
United States Department of Energy (US DOE)The US DOE - National Energy Technology Laboratory (NETL) (2008) published a funding opportunity announcement seeking proposals for an IGCC project with integrated CCS of at least 250 MW.The FutureGen project fact sheet produced by the US DOE - Office of Fossil Energy (2003) states:
- The size of the plant is driven by the need for producing commercially relevant data, including the requirement for producing one million metric tons per year of CO2 to adequately validate the integrated operation of the gasification plant and the receiving geologic formation.
In a subsequent Funding Opportunity Announcement from the US DOE - National Energy Technology Laboratory (2009) for the Clean Coal Power Initiative – Round 3, the US DOE stated:
- DOE’s goals are to demonstrate at commercial scale in a commercial setting, technologies that:
- operate at 90 percent carbon dioxide capture efficiency;
- make progress toward capture and sequestration at less than 10 percent increase in the cost of electricity (COE) for gasification systems and less than 35 percent for post combustion and oxycombustion systems; and
- make progress toward sequestration of 50 percent of plant CO2 output at a scale sufficient to evaluate the full impact of the carbon capture technology on plant operations, economics, and performance;
- For this Announcement CO2 capture efficiency is defined as the amount of carbon dioxide removed from the process stream expressed as a percentage of the amount of carbon dioxide entering the carbon capture system; and
- Also for this Announcement, at least 300,000 tons per year of CO2 emissions from the demonstration plant must be captured and sequestered or put to beneficial reuse. A thirty day running average will be used to determine if the project successfully meets the carbon dioxide capture efficiency and the capture and sequestration or beneficial reuse rate requirements of this Announcement.
This requirement of 300,000 tons per year could be met with a power plant as small as 50 MWe depending upon the technology and choice of fuel.
The American Clean Energy and Security (ACES) Act (2009)The ACES Act (Waxman and Markey 2009) does not specifically give a definition of CCS, but does have the following CCS requirements:
- Subtitle B – Carbon Capture and Sequestration;
- Section 115, Commercial Deployment of CCS Technologies:
- To be eligible for emission allowances, the project must implement CCS technology at an electric power plant of 200 MW or more; derive at least 50 percent of fuel from coal, petcoke or any combination thereof; and capture and sequester at least 50 percent of the CO2 that would be produced without CCS; and
- Alternatively, a project must implement CCS at an industrial site that sequesters not less than 50,000 tons per year of CO2; captures and sequesters at least 50 percent of the CO2 that would be produced without CCS; and does not produce a liquid fuel from a solid fossil fuel.
World Resources Institute (WRI)The WRI (2008) in their Guidelines for CCS is silent on the recommended size for CCS projects. The only mentions of scale are that:
- demonstration of all capture approaches are urgently needed on commercial scale power plants to prove the technologies (Capture Guideline 1a); and
- there should be recognition of the potential challenges in achieving the theoretical maximum capture potential before the technologies are proven at scale. This may necessitate flexibility in establishing appropriate capture rates for early commercial-scale projects, with the amount of CO2 captured at a facility dependent on both technology performance and the specific goals of the project (Capture Guideline 1b).
The Australian Government’s CCS Flagship ProgramThe Australian Government’s Department of Resources, Energy and Tourism (DRET) (2009) issued funding guidelines for the CCS Flagships Program which is aimed at accelerating the deployment of large-scale integrated CCS projects. With AUD2 billion over nine years committed the DRET is expecting to fund between two and four projects. According to the DRET (2009), “this Program will deliver Australia’s contribution to the G8 goal of 20 demonstration projects by 2020”. The commissioning of projects that receive support will commence from 2015.The issue of project scale is discussed in the guidelines. Eligible projects will involve the capture and geological storage of CO2 emissions from electricity generation or industrial processes using fossil fuels and the projects must:
- be at or genuinely scalable to a capacity that can be rapidly and effectively escalated to commercial deployment in Australia;
- demonstrate a high level of CO2 capture (moving towards 90 percent during the life of the project);
- demonstrate mechanisms, at full operating capacity, to provide safe and secure transport and storage of all the CO2 captured; and
- be of a scale that will result in original equipment manufacturers (OEMs) and engineering procurement construction (EPC) contractors and storage service providers having sufficient confidence in their technologies to offer performance and process guarantees to industry customers for fully commercial plants.
The CCS Flagships Program is silent on providing a specific metric on the size of the capture plant and total volume of CO2 stored. The guidelines are positive in encouraging the market through the OEMs and EPC contractors to determine the scale that they find acceptable upon which performance and process guarantees can be offered. This could vary significantly between projects depending on the capture technology, size of project and fuel type.
EU CCS DirectiveUnder the EU CCS Directive 4 (Dixon 2009), the definition of capture ready applies to power plants greater than 300 MW in size operating from the 12 December 2008. This is described as having:
- assessed availability of suitable storage sites;
- assessed transport is technically and economically feasible
- assessed technical feasibility of retrofitting capture equipment; and
- if so, then space for capture equipment.
The draft Regulation of the European Parliament regarding the European Energy Programme for Recovery (EEPR) included Section 3, Carbon Capture and Storage which stated in Article 18 that CCS projects would be eligible for assistance if the projects fulfilled the following criteria (among other requirements).
- Projects shall demonstrate that they have the ability to capture at least 80 percent of CO2 in industrial installations and the ability to transport and geologically store this CO2 safely underground.
In power installations, CO2 capture has to be demonstrated on an installation of at least 250 MW electrical output or equivalent.The EU has announced a commitment of up to 12 large-scale CCS demonstration projects in their member states (Commission of European Communities 2008). The definition of large scale is undefined.
United States Environmental Protection Agency (US EPA) and Australian Commonwealth Government Carbon Accounting PolicyIn terms of accounting for CO2 emissions the US EPA’s (2009) proposed rule for “Mandatory Reporting of Greenhouse Gases” (US EPA Rule E9-5711) uses a criterion of greater than 25,000 metric tons per year. This is also consistent with the minimum GHG emissions for mandatory reporting as part of Australia’s National Greenhouse and Energy Reporting System (NGER) Act 2007.
SiemensA leading vendor of CCS and power generation equipment, Siemens, show their concept of scale from laboratory to commercial for absorbers used in the various CO2 capture technologies in Figure A-1.
Figure A-1 Siemens absorber scale-up steps
Source: Siemens Presentation, 2009
Figure A-1 clearly shows a large pilot plant for CO2 capture is considered at approximately 1 MWe, a small demonstration plant is approximately 50 to130 MWe and a “full-scale” plant is greater than 130 MWe.
CO2CRCThe CO2CRC is a leading cooperative research centre on the issue of CO2 storage. It classifies small scale CO2 storage projects as those considering less than 20,000 tonnes. Medium scale storage is classified as those projects storing greater than 20,000 tonnes and less than 500,000 tonnes. Large scale storage projects are classified as having greater than 500,000 tonnes of CO2 stored (CO2CRC 2008).
Table A-1 summarises the minimum capacity for commercial scale used for the study across a range of industries as well as for CO2 transport and storage. It also presents the specific scale definitions for the various industries that are identified in the database as developed for this project.
Table A-1 Scale definitions for various industries
1. No more than 5% of commercial units smaller.
2. No more than 5% of commercial units larger
Recognition has also been given to the fact that there is no significant work happening at bench scale for storage. Therefore, a relatively high minimum threshold has been set for the categorisation of scale with respect to CO2 storage rates. An exception to this would be bench scale testing associated with the study of the chemical reactions for CO2 stored in a saline aquifer.
The three general approaches to capturing CO2 generated from fossil fuels (coal, natural gas, oil or biomass) are post-combustion, pre-combustion, and oxyfuel combustion. Refer to Figure B-1.
Figure B-1 CO2 capture approaches
Source: WorleyParsons, 2009
Post-combustion CO2 capture involves separation of CO2 from flue gases produced by conventional fossil fuel combustion in air. Refer to Figure B-2. The flue gas is at atmospheric pressure and the CO2 concentration is typically 3 to 15 percent by volume, with the main constituent being nitrogen from the combustion of air. This results in a low CO2 partial pressure and a large volume of gas to be treated.
Figure B-2 Typical post-combustion CO2 capture
Source: WorleyParsons, 2009
For existing power plants, current PCC systems would employ chemical absorption processes for separating CO2 from the flue gas streams such as amine-based scrubbing. One such chemical solvent is monoethanolamine (MEA), which is capable of a high level of CO2 capture (90 percent or more) due to fast kinetics and strong chemical reaction. Refer to Figure B-5.
Pre combustion CO2 capture involves reacting a fuel with oxygen and/or air in a gasifier to yield a synthesis gas (syngas), mainly consisting of carbon monoxide and hydrogen. Additional hydrogen and CO2 are produced by reacting the carbon monoxide with steam in a shift reactor. The CO2 is then separated, typically utilising a physical or chemical absorption process. The high concentration of CO2, typically 15 to 60 percent by volume, and the high pressures used, typically 4.0 Megapascals (MPa), are more favourable for CO2 separation. The resulting stream of hydrogen (H2) can then be used as a fuel; the CO2 is removed before combustion occurs. Refer to Figure B-3.
Figure B-3 Typical pre-combustion CO2 capture
Source: WorleyParsons, 2009
Oxyfuel combustion, also known as oxyfiring, uses nearly pure oxygen instead of air for combustion of the fuel, resulting in a flue gas that is mainly water vapour and CO2 (more than 60 percent by volume). The water vapour is then removed by compression, cooling and condensation. In oxyfuel combustion, cooled flue gas is recycled back to the combustor to moderate the high flame temperature that results from combustion in pure oxygen. This process also requires the upstream separation of oxygen from air, with a purity of 95 to 99 percent in most cases. Refer to Figure B-4.
Figure B-4 Typical oxyfuel combustion CO2 capture
Source: WorleyParsons, 2009
The following technologies can potentially be applied to PCC.
The most common technique to remove CO2 from sour gas streams is absorption by regenerable solvent, using counter-current contact with the solvent. From the absorber, the CO2-rich solution is transferred to and stripped of the CO2 in a regenerator, usually by the application of heat and reduction of pressure. The regenerated lean solution is cooled and recirculated to the top of the absorber, completing the cycle.
The stripped acid gas, which is concentrated in CO2, is in a form ready for dehydration and compression to a pipeline liquid. The pipeline pressure is typically 13.8 MPa (2,000 psig), above the pressure for CO2 liquefaction.
Chemical solvent absorption is a chemical reaction that forms a loosely bonded intermediate compound. Chemical reagents are used to remove the acid gases by a reversible chemical reaction of the acid gases with an aqueous solution of various alkanolamines or alkaline salts in water. For CO2 capture application, a chemical solvent is exposed to a flue gas where it reacts chemically with CO2, separating it from the other gases. The intermediate compound is then isolated and heated causing it to break down into separate streams of CO2 and solvent.
Chemical solvents are more suitable than physical or hybrid chemical/physical solvents for applications at lower operating pressures. The chemical nature of acid gas absorption makes solution loading and circulation less dependent on the acid gas partial pressure. In a conventional amine unit, the chemical solvent reacts exothermally with the acid gas constituents.
Chemical solvents achieve a specified acid gas content in the treated gas, with fewer contacting stages than needed for physical solvents. Their relatively high alkalinity helps to achieve nearly complete CO2 removal. Two commonly used chemical solvents for acid gas removal are amines and hot carbonates.
Figure B-5 Typical amine-based chemical scrubbing
Source: WorleyParsons 2009
Amines are classified as primary, secondary and tertiary, based on the number of amine groups, with advantages and disadvantages to each type.
Monoethanolamine (MEA) The MEA-based scrubbing process is a commercially available technology (Reddy et al. 2003). The solvent MEA, a primary amine, reacts with CO2 at around 40°C and near-to-ambient pressure, which is suitable for post combustion flue gas. Currently, MEA scrubbing technology is a state-of-art option for PCC. Nevertheless, the high heat of reaction with CO2 and the corrosivity of MEA are drawbacks that have restricted its use. Commercial applications have used formulations of proprietary corrosion inhibitors with MEA, such as the Fluor Econamine FGSM process.
Digycolamine (DGA® ): DGA, another primary amine, is similar to MEA in stability and reactivity, but can be used in much higher concentrations, up to 60 weight percent, requiring less energy and circulation, and providing a substantial savings in equipment cost. DGA has a lower vapour pressure and lower inherent corrosivity than MEA. The disadvantages are higher solvent cost and high heat of reaction with CO2.
KS® series solvents: Kansai Electric Power Company (KEPCO) and Mitsubishi Heavy Industries (MHI) have been developing stearically hindered amines, KS-1, KS-2 and KS-3. Among them, the most commonly known is KS-1. These amines are claimed to have an advantage (as compared to MEA) of a lower circulation rate due to a combination of higher CO2 loading differential, lower regeneration temperature and lower heat of reaction. KEPCO and MHI reported that the regeneration energy for the KS® series solvents is lower than that of MEA (Yagi et al. 2004). They are also non-corrosive to carbon steel at 130°C in the presence of oxygen. KS solvent based absorption systems have been utilised on chemical plants for CO2 separation. The first commercial plant using KS-1 has been in operation since 1999 at Petronas Fertiliser Kedah Sbn Bhd’s fertiliser plant in Malaysia (Kishimoto et al. 2009). Similar commercial systems are also being used by chemical plants in India. The KS solvent based system for coal-fired power plant application is still in the pilot stage. Hokuriku Electric Power Company has operated a test plant with KS® series solvents treating 50 Nm3/h of flue gas from a coal-fired unit at the Toyama-Shinko power station.
Cansolv: The Cansolv CO2 Capture System absorbs CO2 from a feed gas using Cansolv Absorbent DC-101, a patented amine-based regenerable solvent. The recovered CO2 can be dried, compressed and sequestered without further treatment. The amount of heat added on the regeneration step determines the extent to which the Cansolv absorbent is stripped of CO2 in the regeneration tower. The regeneration is typically sized to enable bulk removal (90 percent) of the CO2 in the absorber. However, the process is capable of CO2 purity to 99.99 percent (dry basis) if required (Cansolv 2009). The Cansolv technology can integrate CO2 and sulphur dioxide (SO2) capture in a single absorber, if desired. Cansolv has operated SO2 capture commercial plants since 2002. It has operated CO2 pilot plants at several locations, logging over 6,000 hours of operation. The two technologies will come together in an integrated system, in a plant designed to generate 50 tons per day of CO2, which will start up in 2009 (Shaw 2009).
HTC Purenergy: The HTC Purenergy CO2 capture process uses a proprietary amine-based HTC solvent to capture CO2 from industrial flue gases, in particular from fossil fuel power stations. The CO2 capture efficiency for flue gases from a gas-turbine exhaust is claimed to be typically 85 percent. The solvent is tailored to the specific requirements of the customer to reduce the cost of capture. HTC claims that steam consumption is reduced by approximately 50 percent and total solvent losses are up to 10 times less (HTC Purenergy 2006).
AMP, 2-amino-2-methyl-1-propanol: Abu-Zahraa et al. (2009) believe that using AMP as a solvent results in a substantial reduction in regeneration energy and the overall cost of CO2 avoided. S 37 percent reduction in the avoided cost with a flue gas recycle ratio of 45 percent is achieved using AMP as a solvent comparing to 10 percent using MEA solvent.
Chilled ammonia: The chilled ammonia process for CO2 capture is being developed by Alstom. It entails scrubbing cooled flue gas with slurry containing a dissolved and suspended mix of ammonium carbonate and ammonium bicarbonate in a counter-current absorber, similar to ammonia-based SO2 absorbers. Prior to entering the CO2 absorber, the flue gas is cooled to approximately 2°C in a direct contact cooler and mechanical chiller, condensing large quantities of water. The chilled flue gas then enters the absorber, where up to 90 percent of the CO2 is removed. CO2-rich slurry from the absorber, containing mainly ammonium bicarbonate, is pumped to a high pressure regenerator, where CO2 is released and separated from other gases. In laboratory tests co-sponsored by Alstom, EPRI and others, the process has demonstrated a potential for capturing more than 90 percent CO2 at a lower efficiency penalty than other CO2 capture technologies. The challenges are ammonia volatility and poor kinetics in the absorber. In February 2008, a pilot plant that uses chilled ammonia to capture CO2 from a 1.7 MW equivalent slip stream of flue gas from a coal-fired boiler was launched by Alstom and EPRI at the We Energies’ Pleasant Prairie Power Plant in Wisconsin. Also there is a 20 MW validation plant slated for completion mid-2009 at American Electric Power’s (AEP) Mountaineer Plant in West Virginia. The chilled ammonia system currently is not offered commercially (AEP 2008).
Aqueous ammonia: This joint NETL-Powerspan development entails reacting ammonia with CO2 in the flue gas to form ammonium carbonate, and subsequently heating the ammonium carbonate to release a pure CO2 stream. Advantages include: (1) low theoretical heat of regeneration; and (2) multi-pollutant control with saleable by-products (ammonium sulphate and ammonium nitrate fertilisers) using Powerspan’s commercial ECOTM system. One technical challenge is degradation of carbonate in the CO2 absorber leading potentially to ammonia slip in the flue gas. Powerspan’s ECO2TM technology is still at pilot stage. An ECO2TM pilot unit has been installed at the First Energy Burger Plant and started operation in October 2008. It processes a 1 MWe equivalent slip stream to capture 20 tonnes per day (tpd) of CO2.
Two ECO2TM demonstration projects have been announced by Powerspan. In November 2007, NRG Energy, Inc. and Powerspan announced their intention to commercially demonstrate the ECO2TM process at NRG’s W.A. Parish plant in Texas. The ECO2 TM demonstration facility will be designed to capture 90 percent of CO2 from a 125 MWe slip stream, and the captured CO2 (about 1 Mt of CO2 annually) is expected to be used for EOR in the Houston area. The Parish plant is expected to be online in 2012.
In June of 2008, Powerspan and Basin Electric Cooperative announced a partnership to commercially demonstrate CO2 capture technology for conventional coal-based power plants. The demonstration project would capture about one million tons per year of CO2 from a slip stream of the exhaust from Unit 1 at the Basin Electric Antelope Valley Station. The Powerspan technology would remove CO2 from the equivalent of a 120 MWe slipstream. The captured CO2 would then be fed into an existing CO2 compression and pipeline system owned by Basin Electric’s Dakota Gasification Company. Start of construction of the CO2 capture system is scheduled for 2009, with operation commencing in 2012.
Carbon dioxide can be separated from other gases by cryogenic distillation. For CO2 capture applications a cryogenic separation process requires pressures above 2.1 MPa (300 psia) at temperatures of approximately minus 55°C. Cryogenic separation is used commercially for purification of CO2 from streams that already have high CO2 concentrations (typically greater than 80 percent). It is not normally used for more dilute CO2 streams, although it has recently been claimed that CO2 can be captured (by freezing it as a solid) from atmospheric pressure flue gases with energy losses similar to those of other techniques. A major disadvantage of cryogenic separation of CO2 is the amount of energy required to provide the refrigeration necessary for the process, particularly for dilute gas streams. Another disadvantage is that some components, such as water, have to be removed before the gas stream is cooled. Cryogenic separation has an advantage of enabling direct production of liquid CO2, which is therefore ready for transport with no further processing. The most promising applications for cryogenics are expected to be for separation of CO2 from high pressure gases, such as in pre combustion capture processes, or oxyfuel combustion in which the input gas contains a high concentration of CO2.
Gas separation membranes
Gas separation membranes rely on differences in physical or chemical interactions between gases and a membrane material, causing one component to pass through the membrane faster than the other. Various types of membranes are currently available, including porous inorganic membranes, palladium membranes, polymeric membranes and zeolites. Membranes cannot usually achieve high degrees of separation, so multiple stages and/or recycle of one of the streams is necessary. This leads to increased complexity, energy consumption and costs. Several membranes with different characteristics may be required to separate high-purity CO2. Membranes could be used to separate CO2 at various locations in power generation processes, for example from the fuel gas in an IGCC.
Gas absorption membranes
Gas absorption membranes are micro porous solids that are used as contacting devices between a gas and a liquid. The CO2 diffuses through the membrane and is removed by an absorption liquid such as amine, which selectively removes certain components. In contrast to gas separation membranes, it is the absorption liquid, not the membrane, which gives the process its selectivity.
Other membranes
Efforts to develop membranes used for PCC are ongoing. For example, Membrane Technology and Research (MTR) is in the process of testing membrane technology for post combustion flue gas applications. The demonstration of a small-scale pilot is scheduled for 2009 at Arizona Public Services (APS) natural gas combined cycle Red Hawk plant, and for 2010 at APS Cholla coal-fired power plant (Merkel et al. 2009). Overall, membrane technologies for PCC are in an early stage of development.
In general pre-combustion CO2 capture technologies are favouring high pressure and low temperature applications and are not suitable for working in oxidising atmospheres. Hence, pre-combustion CO2 capture technologies are not suitable for a retrofit application of a conventional pulverised coal fired unit. Retrofit to existing gasification units is possible. However, these account for a relatively small portion of the existing emission sources around the globe. This is further explained in the following sections.
In a chemical absorption process the acid gases react to an intermediate liquid solvent species and are removed from the bottom of the absorber column with the rich solvent.
Diethanolamine (DEA) is a secondary amine. Like MEA, it can absorb CO2. However, it is less reactive than MEA and is highly susceptible to oxygen degradation that precludes DEA utilisation for PCC application (Dupart et al. 1993).
Methyldiethanolamine (MDEA) is a tertiary amine. In recent years, MDEA has acquired a much larger share of the gas-treating market (SFA Pacific 2002). Compared with primary and secondary amines, MDEA has superior capabilities for selectively removing hydrogen sulphide (H2S) in the presence of CO2. MDEA is resistant to degradation by organic sulphur compounds and has a low tendency for corrosion. Compared to MEA, it requires a relatively low circulation rate and consumes less energy. Several MDEA-based solvents that are formulated for high H2S selectivity are commercially available. However, MDEA is not suitable for post-combustion applications due to its oxygen-caused degradation. MDEA has been used for H2S removal in chemical plants and IGCCs.
The majority of chemical solvents are organic amine based. However, there are some alternative inorganic solvent systems such as Na/K carbonates.
Benfield Process. The Benfield process (UOP LLC 2000), also known as the hot carbonate process, uses an inorganic chemical solvent potassium carbonate (K2CO3) and catalysts. The process typically works at 70 to 120°C and 2.2 to 6.9 MPa. The Benfield process is widely used for purification of H2 streams, and is not considered a good option for PCC due to the low pressure of the flue gas. This process is commercially available. Hot carbonates are well suited for CO2 removal at moderate to high partial pressures of the feed gas. While hot carbonate plants have been used for bulk CO2 removal, their relatively high solvent circulation and heat requirements make them more expensive than other processes.
Physical solvent scrubbing of CO2 is a well established technology, which is widely utilised to treat both natural and synthesis gas streams. In a physical absorption process the acid gases are physically absorbed into the liquid solvent and are removed from the bottom of the absorber column with the rich solvent. The solubility of individual gas compounds in a physical solvent follows Henry’s Law, and favours high pressure and low temperature operation. Physical solvents combine less strongly with CO2 than chemical solvents. The advantage of such solvents is that CO2 can be separated from them in the stripper mainly by reducing the pressure, resulting in much lower energy consumption. These solvents are better suited for applications at a higher pressure such as syngas streams in the coal-based IGCC process (typically 2.0 MPa or higher) and the concentrations of CO2 are about 35 to 40 percent. Hence, the CO2 partial pressure is much higher than that in normal combustion flue gas.
The physical solvents are regenerated by multistage flashing to low pressures. Because the solubility of acid gases increases as the temperature decreases, absorption is generally carried out at lower temperatures, and refrigeration is often required.
Several physical solvents that use anhydrous organic solvents have been commercialised. The following are some commercially available physical solvents that could be used for CO2 capture in applications, such as IGCC.
Commercially available physical solvent scrubbing technologies generally require high pressure and low temperature, and hence are not considered to be preferable options for PCC processes. However, some efforts are being made to develop new solvents that are expected to be suitable for PCC such as ionic liquids.
Hybrid solvents combine the high treated gas purity offered by chemical solvents with the flash regeneration and lower energy requirements of physical solvents. Some commercially available scrubbing technologies that use a mixture of physical and chemical solvents are as follows.
Some solid materials with high surface areas, such as zeolites and activated carbon, can adsorb CO2 and be used to separate CO2 from gas mixtures by adsorption. The process operates on a repeated cycle with the basic steps being adsorption and regeneration. In the adsorption step, gas is fed to a bed of solids that adsorbs CO2 and allows the other gases to pass through. When a bed becomes fully loaded with CO2, the feed gas is switched to another clean adsorption bed and the fully loaded bed is regenerated to remove the CO2. In pressure swing adsorption (PSA), the adsorbent is regenerated by reducing pressure. In temperature swing adsorption (TSA), the adsorbent is regenerated by raising its temperature, and in electric swing adsorption (ESA) regeneration takes place by passing a low-voltage electric current through the adsorbent.
Recent investigations into adsorption technology have shown that CO2 recovery is also feasible under vacuum conditions (vacuum swing adsorption, VSA). Though VSA has not yet been commercially tested for CO2 recovery, it is a promising emerging technology with application in CO2 separation from blast furnace top gases, while the residual gases are recycled back to the furnace. This concept was recently tested with promising results at the Metallurgical Research Institute (MEFOS) experimental facility in Luleå, Sweden within a framework of ULCOS project (Air Liquide 2008, Danloy et al. 2009).
Pressure swing adsorption and TSA have been employed commercially for CO2 removal from syngas for hydrogen production. Electric swing adsorption is not yet commercially available, but it is said to offer the prospect of lower energy consumption than the other processes. Adsorption is not yet considered attractive for large scale CO2 removal from combustion flue gas because the capacity and CO2 selectivity of available adsorbents is low. However, it may be successful in combination with another capture technology. Some development efforts for new sorbents are being taken to develop adsorbents that can operate at higher temperatures in the presence of steam with increased capacity and improved selectivity, for example dry regenerable carbonate sorbent.
Some other technologies are being developed, which do not fit in the categories mentioned above. Enzymatic CO2 capture process, developed by Carbonzyme Inc., uses an enzyme catalysed carbonic anhydrase-based liquid membrane biomimetic reactor. It is claimed that the technology is applicable to treating a large number of different flue gas streams (eg, flue gases generated by combusting fuels such as natural gas, oil or various ranks of coal). The process operates at moderate temperature and pressure. It has the ability to separate CO2 from other gases while using modest energy and employing no hazardous chemicals. However, the technology is still at an early development stage.
The oxyfuel combustion CO2 removal process for coal-fired boilers is a developing technology (Vattenfall 2008). This technology remains unproven at commercial scale in power generation applications. The first oxygen-fired pulverised coal (PC) pilot unit, a 30 MWth Alstom unit at the Schwarze Pumpe site in Germany, started operation in the summer of 2008. The beginning of engineering for the 300 MWe oxyfuel demonstration plant is planned for 2010. The start of demonstration plant operation is projected for 2015.
Oxygen combustion technology facilitates carbon capture in two major steps. Step one is accomplished within the oxygen combustion boiler system, in which flue gas with a high CO2 concentration is produced. Oxyfiring alone seldom produces a CO2 stream of sufficient purity to be reused or stored.
Step two processes include additional CO2 purification (as dictated by product CO2 specification), dehumidification and compression. In any coal or biomass fired application, particulate separation must be accomplished prior to CO2 purification. The purification step typically employs low temperature distillation (see cryogenic separation) to separate CO2 from the inert gases such as nitrogen and oxygen.
A cryogenic distillation process is utilised by commercially available air separation units (ASU) to produce the oxygen for the oxyfiring combustion process. A major disadvantage of a cryogenic ASU is the amount of energy required to provide the refrigeration necessary for the separation process. Several advanced concepts are being developed to reduce ASU parasitic load. Those include ion transfer membranes being developed by Air Products and oxygen transfer membranes being developed by Praxair. As part of the ongoing project, Air Products designed and commissioned in 2006 a 5.1 tpd prototype facility to test multiple membrane modules under commercially relevant operating conditions. The larger 152 tpd facility is expected to begin commissioning in late 2010. Overall, membrane technologies for oxygen separation are still in an early stage of development.
Alstom is in early stages of developing the limestone-based chemical looping system for existing and new pulverised coal-fired power plants. In a sense, Alstom’s chemical looping process is oxyfuel combustion without the ASU. The system operates as follows: solid limestone based oxygen carrier circulates between oxidiser and reducer and carries oxygen, heat and fuel energy. The carrier picks up oxygen in the oxidiser and leaves nitrogen behind. The carrier delivers oxygen to the fuel in the reducer. Heat generated by fuel oxidation in the reducer produces steam for power. Alstom is in the process of designing a 1,000 lb/hr of coal prototype plant, which is scheduled to start testing in 2011. Commercial operation of this technology is projected for 2019 (Alstom et al. 2009).
Emerging technologies are mirrored in the US DOE (2007) Carbon Sequestration Technology Roadmap, shown here for CO2 capture in Figure B-6.
Figure B-6 US DOE CO2 capture pathways
Source: US DOE Office of Fossil Energy, 2007
Analysis has shown that CO2 capture accounts for the majority of CCS system costs. Therefore, efforts are focused on improving efficiency and reducing costs for capturing CO2 from coal-fired power plants, since they are the largest stationary sources of CO2, although the technologies developed will be applicable to other sources as well. Figure B-6 highlights the critical challenges and R&D pathways related to CO2 capture. It is those promising technologies emerging from bench to pilot-scale that are of interest here.
Ionic liquids (ILs) are organic salts with low melting points, many below room temperature. Even though they are liquids, they have negligible vapour pressure. Thus, they have an advantage over conventional solvents for absorption of CO2 from flue gas because they would not contaminate the purified gas stream. Typical ILs are composed of imidazolium, pyridinium, ammonium or phosphonium cations with any of a wide variety of anions. Their properties can be varied tremendously by the choice of anion, cation and substituents. Ionic liquids are typically combined with supported membranes in the CO2 capture application. This technology is still in laboratory stage and is being developed by the University of Notre Dame, Sachem Inc., and Merck (NETL 2007).
In this process, the sorbent material (based on sodium carbonate) captures CO2 at a boiler typical flue gas exhaust pressure and temperature of approximately 60°C (carbonation). The sorbent is then regenerated at a temperature of about 120°C to yield a concentrated stream of CO2 for sequestration or other use. The regenerated sorbent is recycled to the adsorption step for CO2 capture. The process is expected to be less expensive and energy intensive than MEA technologies. This process is compatible with current power plant operating conditions and hence applicable for CO2 capture from coal and natural gas-fired power plants. The challenges for the technology include continuous circulation of large quantities of solids and requirements for contaminants. The developer of the technology is the Research Triangle Institute. Currently, the technology is in the small-scale technology demonstration phase, in which a 1 tpd CO2 capture facility is being built. The demonstration of the small-scale pilot is scheduled for 2010, and a large-scale demonstration at UNC Chapel Hill coal-fired plant is planned for 2012 (102 tpd of CO2 captured). It is envisioned that the technology will be ready for commercial offering in 2015 (Nelson et al. 2009).
This process, in development by Siemens AG, is a proprietary second generation PCC process, based on amino acid salt formulations. Amino acid salts are the basis of their solvent. Siemens claims the salts essentially have no vapour pressure; the benefits of which are no thermodynamic solvent emissions, no flammability, no explosion risk, no odour, and no inhalation risk. Being that the amino acid salt is a negative ion, it is less sensitive to oxygen in the flue gas; the benefit of which is a low rate of degradation. The fact that amino acids are naturally present in the environment means that they are biodegradable, non-toxic, and relatively environmentally friendly.
In its current state of development, Siemens has compared the amino acid salt CCS process plant efficiency to that of a non-CCS reference plant. The net efficiency of the non-CCS reference plant (800 MWe) is 45.7 percent. In earlier versions of the amino acid salt CCS plant the efficiency decline was greater than 10 percent. With process improvements the current version is projected to have an overall efficiency approximately 9.2 percentage points lower than the reference plant, or about 36.5 percent. In this comparison, compression of 99 percent pure CO2 to a pressure of 20 MPa (200 bar) is included (Kremer 2009).
Siemens claims the laboratory-scale pilot plant has been in continuous operation for nearly two years, since 2008. A pilot plant at the E.ON power plant at Staudinger (Germany) is planned to start operation in August 2009. Siemens expects, that after 1 to 2 years operation, this will lead to a demonstration project being commissioned in 2014 or later.
For a full-scale 800 MWe steam power plant, Siemens projects the investment cost for the CCS process plant would be in the range of 300 to 400 million Euros in which:
The TNO Science & Industry (TNO) patented process (Versteeg et al. 2006) is based on the research carried out at the University of Twente (Holst et al. 2006). The University of Twente research involved addition of various salts to amino acid to produce precipitating solutions. Each were characterised for kinetics and activity and proposed for use in hollow fibre polymeric membranes. The TNO CO2-capture process, called DECAB, is utilising precipitating solvents of amino-acid salts. The process makes use of the fact that an amino-acid salt solution reacts with CO2, and at some point a precipitate is formed consisting of the amino-acid or CO2 containing species.
Preliminary economic evaluation reported by the TNO (Brouwer et al. 2006) shows that the DECAB process has the potential to substantially decrease the investment costs and the energy consumption of the capture process as compared to an MEA process. In June of 2009 Siemens and TNO signed a strategic cooperation agreement aimed at advancement of amino-acid salt-based carbon capture technology. The TNO process is reported to be testing various solvents since April 2008 in their CATO pilot plant at the Rotterdam site of E.ON Benelux. The partnership targets implementation of a full-scale demonstration plant based on amino-acid salts CO2 capture technology by 2014 (TNO 2009).
There are many carbon capture emerging technologies under R&D contract with the US DOE (2009). Only a brief summary of a few selected R&D technologies is included here.
Several companies claim to have developed a process that essentially mimics marine cement, which is produced by coral when making their shells and reefs. The process takes calcium and magnesium in sea water and uses it to form carbonates at normal temperatures and pressures. One such company, Calera Corporation, claims for every ton of cement they make, they are sequestering a half ton of CO2. (Biello 2008) They claim to turn CO2 into carbonic acid and then make carbonate. Once dried, the Calera cement can be used as a replacement for Portland cement that is typically blended with rock and other material to make concrete, which is used in everything from roads to building construction.
Other companies are also pursuing this idea. Carbon Sciences in Santa Barbara, California, plans to use flue gas and mine slime – the water remaining after mining operations – which is often rich in magnesium and calcium, to create similar cements. Carbon Sense Solutions in Halifax, Nova Scotia, plans to accelerate the natural process of cement absorbing CO2 by exposing a fresh batch to flue gas.
Conventional approach to CO2 compression and dehydration
The CO2 captured in a CO2 removal process needs to be compressed to a pressure suitable for pipeline transport and sequestration. The CO2 is conveyed as a liquid or as a dense phase supercritical fluid through increasing the pressure above 7.4 MPa (1,073 psi), the critical point pressure. The typical pipeline operation pressures are in the range of 13.8 to 20.7 MPa (2,000 to 3,000 psi). This allows for the CO2 to be pumped through the pipeline without further compression resulting in an energy saving. As the CO2 travels through the pipeline, the pressure drops. This drop needs to be considered in the initial compression of the CO2 and recompression stations along the pipeline. Additionally, the impact of elevation changes on the pipeline pressure needs to be taken into account. The critical point of CO2 is 7.38 MPa at 31.1°C.
The options available to achieve the required CO2 pressure are:
Compressor type selection is dependent on the inlet volumetric flow rate, starting and final pressures, and gas composition. For an amine chemical absorption/regeneration process the starting pressure is approximately 0.18 MPa (26.3 psia) and for Oxyfuel CO2 capture, the starting pressure is approximately 0.10 MPa (15 psia). For IGCC CO2 capture, depending on the technology chosen, the starting pressure can range from 0.14 to 0.345 MPa (20 to 50 psia).
Three compressor types that may be considered are:
Reciprocating compressors are applicable to CO2 compression. Typically these are more limited in capacity as compared to the centrifugal compressors, such that more trains in parallel may be needed. Due to the nature of their construction and operation, reciprocating compressors generally have lower reliability than centrifugal compressors.
In addition, due to their lubrication, reciprocating compressors have the characteristic of inherent and unavoidable lube oil carryover into the gas. Centrifugal compressors typically have a dry gas seal arrangement and do not have this characteristic. This is of particular concern to a triethylene glycol (TEG) dehydration system, which is commonly used in this service, due to lube oil causing severe glycol foaming problems and operating upsets in the contactor.
MAN Turbo AG is one of the global suppliers with experience in the area of CO2 compression to dense phase conditions, having supplied (as Borsig) the compressor at the Great Plains Synfuels Plant for Dakota Gasification Company in Beulah, North Dakota (USA), for the transport of CO2 to Canada for EOR via the “Weyburn” pipeline. For that application, MAN Turbo supplied three 8-stage integrally-geared compressors.
MAN Turbo claims that, while they are generally interchangeable, the integrally-geared centrifugal compressors have an advantage with relatively high molecular weight gases, such as CO2 (44), while the in-line centrifugal compressors have an advantage with relatively low molecular weight gases, such as natural gas (19).
Compression configurations
Based on the compressor stage gas inlet temperature compression configurations can be classified as:
In general, isothermal compression requires less compression power, as the gas temperature entering each compressor stage is maintained constant and relatively low by the means of interstage cooling. In adiabatic compression gas temperatures could reach 200°C, making adiabatic compression a possible choice for systems that would benefit from compression heat recovery for feedwater preheating, or steam generation.
In a compression and pumping process the CO2 stream is compressed, dehydrated, chilled and then pumped to a required pressure. Compression and pumping systems requires energy for low pressure compression, chilling and pumping. Combined compression and pumping processes are reported to require less power compared to compression only. However, in other publications the compression and pumping option is shown to require more power then compression only, depending on system configuration. Presence of impurities in the product CO2 stream such as nitrogen will increase the energy requirement for chilling at a given pressure. Thus the compression plus pumping option is typically utilised in conjunction with CO2 low temperature purification systems. The most likely application is the oxycombustion process, which could produce a product stream with CO2 purity greater than 90 percent and containing 2 to 3 percent of oxygen. The product CO2 stream needs to be distilled at a low temperature to separate non-condensable gases. The CO2 purification is accomplished in a low temperature distiller, in which liquid CO2 is collected on the bottom of the distiller column and then pumped to a specified pressure.
During staged compression of the captured CO2 product stream, the moisture content is first reduced by cooling the gas below its dew point and knocking out the water and then finally by dehydration. The main processes which are typically utilised for gas dehydration use glycol or a solid absorbent (e.g. mole sieve).
The TEG is the most widely used fluid in dehydration absorption systems, since it offers the best combination of ease of operation and economics. It is the most common dehydration method used for natural gas.
Dehydration by TEG contacting is the standard method of achieving the CO2 transport and sequestration moisture specification. Although not usually required, TEG dehydration can achieve the near-bone-dry specification of 20 ppm by volume moisture content (1 lb/MMscf), equivalent to a water dew point of −55°C (−67°F). More typically, the moisture specification, as used by Kinder Morgan for EOR, is 633 parts per million by volume (ppmv) (30 lb/MMscf), equivalent to a water dew point of −22°C (−8°F), for reasons of corrosion (Havens 2007).
Mole sieve has a higher life-cycle-cost than glycol and is usually used when completely dried gas is required, such as low temperature liquefaction utilised for CO2 compression and pumping.
Transport of CO2 by pipeline in the dense phase (above 7.58 MPa [1,100 psi] at ambient temperatures) is by far the most cost effective means of moving large quantities of CO2 long distances.
Although CO2 is an inert, non-flammable gas, it still has the potential to be dangerous. As CO2 is 1.5 times heavier than air it will displace oxygen in confined spaces (such as valleys). At high concentrations, CO2 can lead to a range of adverse health effects, including asphyxiation.
Carbon dioxide by its chemical nature forms what is called a “dense phase” or “supercritical” state at temperatures above 88°F when compressed above 7.59 MPa (1,100 psi) (or 1,200 psi at any temperature). Dense phase is a state which is neither a true liquid nor a true vapour. It has the density near that of water (0.8 grams/cc at 27°C and 10.34 MPa), but is still quite compressible. A single cubic foot of CO2 in the dense phase is equal to about 1,200 cubic feet of the gas at ambient conditions. Thus, large quantities of CO2 can be transported in a relatively small volume while in the dense phase.
If properly dehydrated, CO2 does not aggressively attack steel (relatively non-corrosive), so that special metallurgy or exotic linings are not needed in steel pipelines. Excessive water in the stream will form carbonic acid, which will aggressively attack the steel. However, due to its compressibility, steel with a high fracture toughness is required and in larger diameters (greater than 12 inches), crack arrestors may be required. This is due to the nature of a rupture of a pipeline transporting compressible fluids, in that a crack in normal carbon steel can propagate faster than the fluid can decompress. As a result, fracture tough steel or crack arrestors are needed to avoid extensive pipe ruptures.
Compression with adequate interstage cooling is required initially to bring CO2 from a gas at ambient conditions to the dense phase. Once at dense phase, pumps can be used to raise the pressure to pipeline inlet conditions. The compression/pumping will require about 82 kWh to raise 1 tonne per hour of CO2 from atmospheric to 10.34 MPa.
As the fluid traverses down the pipeline, it will slowly lose pressure to friction. Care must be taken to maintain the CO2 in the dense phase. When the pressure drops to near critical levels, intermediate pump stations can be used to reboost the pressures to adequate levels. Reboosting of the pressure from 6.89 MPa to 10.34 MPa only requires about 2.0 kWh per tonne, as opposed to the 82 kWh per tonne for the initial compression.
The U.S. Pipeline and Hazardous Materials Safety Administration (PHMSA) has jurisdiction over CO2 pipelines in the USA with regard to pipeline operation and safety. The PHMSA goals are provided below.
Oil and natural gas pipelines also fall under PHMSA jurisdiction.
CO2 pipeline route selection, similar to most other pipelines transporting potentially hazardous fluids, is influenced by a number of factors. These are listed below.
Pipelines will generally follow existing utility easements and rights-of-way whenever possible. Regulations for route review and approval vary from jurisdiction to jurisdiction. Most jurisdictions also have a regulatory or legal process for acquiring the land and upon which to build a pipeline.
Jurisdictions also have construction and operations permitting requirements specific to their locale. These permits may also vary depending on the fluid being transported. In the USA, there is no overall nationwide permitting agency for CO2 pipelines, but there are numerous Federal and State agencies that may require permits along a given pipeline route.
Constructing CO2 pipelines is no different than any other hazardous liquid or gas pipeline. The techniques, equipment and personnel skill requirements are those typical of the current state of the industry worldwide.
Certain quality control measures may be more rigorously applied for these pipelines to ensure a higher level of integrity. This is because operational leaks in CO2 pipelines may not be readily detectable since the gas is invisible and odourless. For example, it would be common to x-ray all welds on CO2 pipelines in order to increase the possibility of detecting flaws.
It is also required to more thoroughly clean and dehydrate (remove moisture) the constructed pipeline before introducing the CO2 product into the system. As noted previously, the presence of water can lead to acid formation, which could ultimately damage the steel pipe.
As was true for construction, the operation of a CO2 pipeline is essentially the same as that of other common pipeline systems. The safety systems, telecommunication systems, maintenance, and repair processes are characteristic of the industry. The most significant operational concern is to control the release of the CO2 from the pipeline (when required for maintenance or repair) in a safe way.
During transport CO2, regardless of its destination (eg, either to another industrial application as a commodity or to storage and final sequestration), can pose the same degree of risks and hazards to people if improperly handled.
While economy of scale could tilt the choice towards pipelines in transporting CO2 from its point of separation and capture to its final place of sequestration, there may be some situations and instances when other means of CO2 transport, such as railroad, truck tankers or ocean going vessels need to be utilised.
Situations when pipelines may not be the first choice for transport of CO2 in a CCS effort are cited below.
Land transport may be considered for projects at a scale suitable for proving a concept, but it is unlikely to be adopted as the transport option for long term large scale projects.
In the light of above considerations, discussions pertaining to the other means of possible CO2 transport as part of a CCS initiative are listed below.
Pressurised tank cars – Railroad tank cars, are primarily used to transport flammable and non-flammable gases. The tank car can be top-loading and provided with a housing or dome to protect valves and gauges. These tank cars may be insulated. However, CO2 in railroad tankers needs to be liquefied and kept refrigerated, so that more mass of CO2 can be contained in every tanker vessel. While CO2 can be transported in smaller pressurised containers at a temperature of 21.1°C, the corresponding vapour pressure of 5.78 MPa (58.92 kg/cm2) at that temperature, refrigeration can minimise the use of multiple but smaller higher rated pressure vessels. Instead a larger refrigerated single pressurised vessel per carriage at a pressure of not more than 1.72 MPa (17.58 kg/cm2) can be used. As such, the lower pressure liquid CO2 is contained in refrigerated tanker/trailers, rail cars, or refrigerated storage tanks that are normally maintained at pressures below 250 psig and at temperatures of about -23.3°C. Vessels utilised for handling and containing pressurised gas, whether refrigerated or not, are normally designed and manufactured according to applicable codes and specifications for the pressures and temperatures involved. In the USA, for instance, CO2 and other compressed or liquefied gas transportation vessels are manufactured according to Department of Transportation (DOT) regulations, which specify the material of construction, method of manufacture, testing, and with what products they are permitted to be filled, as well as other details, which includes the quantity of product a container or vessel can hold. The maximum amount (mass) of CO2 or any other gas to be contained in these vessels is determined by the container pressure rating and internal volume.
Important to these calculations are the physical and chemical properties of the gas. In the case of CO2, the following table gives the typical values of CO2, which are normally stated in CO2 transportation documents and shipment data:
Table C-1 CO2 physical and chemical properties
Properties | Value/Data | Remarks |
Chemical Formula | CO2 | |
Molecular Weight | 44.01 | |
Triple Point | −56.6°C @ 4.25 kg/cm2 | |
Sublimation Temp. @ 1 atm | −78°C | Refrigerating temperature during transport is below this point |
Critical Temperature | −146.9°C | |
Critical Pressure | 75.27 kg/cm2 | |
Density, Liquid, @ 21°C, 56.9 atm | 763.5 kg/m3 | Lighter than water |
Density, Gas @ 20°C, 1 atm | 1.829 kg/m3 | Heavier than air |
Specific Volume @ 20°C, 1 atm | 0.86 m3/kg | |
Latent Heat of Vaporisation | 233.96 kJ/kg-mole | |
Solubility in water vol/vol | 0.90 |
For CO2 traded as a commodity with a specific industrial application under a specific brand, permanent storage vessels for such products are constructed to American Society of Mechanical Engineers (ASME) codes, which specify the material of construction, method of manufacture, testing, and with what products (in this case CO2) the vessels are permitted to be filled. Smaller cylinders for the industrial market of CO2 are high-pressure cylinders (steel or aluminium), which are designed to hold gases at pressures up to 15.6 MPa (154.68 kg/cm2). However, in the transport of much greater quantities of CO2 for sequestration, these high pressures but smaller cylinders are not feasible for economic use.
Transport of refrigerated liquefied CO2 means that it will have very little vapour pressure at the refrigeration temperature, which is below the sublimation point of CO2.
The cryogenic condition of CO2 in this mode of transport poses special hazards due to its extremely cold temperature. Contact of human tissue with cryogenic liquids such as refrigerated liquefied CO2 can cause immediate freezing. Additionally, accidental release of CO2 to atmosphere at this condition could cause sudden gas expansion, and CO2 being a simple asphyxiant may displace oxygen down to critical levels in localised areas around the container.
Transport of CO2 by truck tankers or semi or full trailers – For CCS activities, the amount of CO2 that requires the use of truck or trailer tankers can be minimal in proportion to the global or overall CCS picture. Nevertheless, this branch or type of transport is covered in this section.
It is necessary that the temperature of the contained gas in the tanker be much lower than ambient in order to keep the vapour pressure of the content below the tank vessel pressure rating.
Typical specifications of a full trailer designed to carry CO2 is presented below:
Table C-2 CO2 product specification example
Detailed Product Specifications: 6,000 Litres Liquid CO2 Transport Tank with Drawbar Trailer (7.20 × 2.40 × 3.05 m.) built to BS5500 Design, skid-mounted and used by ASCO CO2 Switzerland for international transport | |
Tank Specifications | |
Manufacturer | Air Liquide, UK Limited, Surrey England |
Service | Liquid CO2 |
Working Pressure | 25.09 kg/cm2 |
Test Pressure | 40.38 kg/cm2 |
Test Temperature | −50oC |
Material | BS 1501-224-Gr 32A |
Capacity | 6,230 kilograms |
Carrying Capacity | 6,040 kilograms |
Empty Weight of Tank | 3,900 kilograms (approx.) |
Code | R24BN |
Additional Features/Attachments | Complete with cabinet and lockable door/All operating ball valves/float gage/Pressure indicator/Insulation and Waterproof aluminium Cladding/Dual safety relief valve system/SS pipework/Liquid CO2 transfer pump |
Other means of CO2 land transport utilise pressurised vessels with rigid frames or mounts around the vessel. These frames are provided with anchors that will fit into the flatbed decks of trailers or trucks that will carry them. Refrigeration equipment is essentially part of the fit-up.
Handling cryogenic liquids
Vessels handling cryogenic liquids, such as liquefied CO2, are designed for storage and transport of liquid gases at sub-zero temperatures. The manufacture of such vessels requires special fabrication techniques and technical know-how. Vessels handling cryogenic liquids are essentially double-walled pressure vessels; annular space between inner and outer vessel is filled with an insulating material and evacuated to a high vacuum to keep evaporation losses to a minimum. The tanker vessel containing the liquefied CO2 is usually built with the cylindrical wall on the side with hemispherical ends and is mounted along the cylindrical side in parallel with the direction of travel during transit. Manufacturers aim to design these vessels and their accessories as compact, sturdy, and easy to operate equipment.
Liquefied compressed gas product unloading
A safe and efficient method is essential in unloading liquefied compressed gas, including that of CO2. Unloading liquefied CO2 can be done in two ways. One way is to connect a liquid line from the delivery vessel to the receiving vessel with a return vapour line running back via a compressor.
An alternative method can be using a pump. The pump has to be connected into the liquid line to pump liquefied CO2 from the delivery vessel towards the receiving vessel, while at the same time allowing the vapour line to move part of the CO2 vapour from the receiving vessel towards the delivery vessel to serve as the vapour pressure equalising line.
Presently, the volume of transport of CO2 by ship has not yet attained the level of that for hydrocarbons, LNG and Liquefied Petroleum Gas (LPG). It is for this reason that the LNG and LPG mode of transport and tanker designs are used in this section in presenting the concept of carrying CO2 in ships. There is similarity between the physical characteristics of LNG/LPG and CO2, which makes it easier to conceptualise the idea of future CO2 tanker design based on current LNG/LPG tanker designs.
There is growing interest for using ship tankers to transport CO2. The developments in some regions in the world where the prospect of sea transport of CO2 using ship tankers are described below.
The North Sea Region – North Sea gas tankers are predicted to play a major role in the EOR in that region. It was reported that the Norwegian state oil and gas company, Statoil, is poised to establish a new joint venture tanker company for the carriage of liquefied CO2 by sea to Norwegian fields in the North Sea. The plan is to inject oil and gas wells to help enhance field production performance. According to the report, the use of CO2 for enhanced oil and gas wells operation not only reduces the need for valuable commodities such as water and natural gas to maintain field pressure, but also it helps Norway meet its environmental obligations under the Kyoto Treaty. Accordingly, Statoil plans to transport CO2 extracted from the flue gases generated at power stations and other industrial plants in special tankers under pressure and at a temperature of -50°C to offshore oil and gas fields. The ships will be similar in construction to LPG tankers and will be ”more flexible and less costly” than a dedicated CO2 pipeline. In fact, one design under review is a 22,000 cubic metres (m3) tanker that would be able to carry LPG from the oil field to the shore terminal where it would discharge the cargo and replace with CO2 for the return journey to the offshore field to repeat the cycle. There is already one CO2 carrier in service; the small, 1,250 m3 Coral Carbonic built in 1999 and operated by Anthony Veder. The ship can carry CO2 cargo at pressures up to 1.79 MPa (18.35 kg/cm2) and at temperatures as low as −40°C. The ship is ice-strengthened and built to ice class 1A to enable trading within the Baltic Sea and North West European waters.
The Middle East Gulf Region – According to a recent Shell in-house screening study (de Reus 2008) the Middle East Gulf region has many oil fields that are amenable to CO2 miscible flooding, which could potentially lead to incremental recovery in the order of tens of billions of barrels of oil. The Gulf region lacks known occurrences of natural high purity CO2 gas fields, as have been found in some other parts of the world. This makes capture from anthropogenic sources, and in particular from flue gases emitted by power plants, gas processing facilities and other large industrial complexes in the region, the most viable option as a source of sustainable and affordable CO2. The report has pointed out that if there is one area in the world where carbon capture linked to EOR has the potential to be optimised and implemented on a large scale, it is likely to be the Middle East, and in particular the Gulf Region.
This very early stage of using ship tankers for transporting CO2 is now being monitored and watched by major groups engaged in CCS around the world. One of these groups is the IPCC, which in their Special Report on CO2 Capture and Storage has stated that in the world there are only four small ships that are fully dedicated to CO2 transport and that these ships are used to transport liquefied food grade CO2 from large point sources of concentrated CO2, such as ammonia plants in Northern Europe, for delivery to the distribution terminals in the consuming regions. The CO2 is transported to the customers either by tanker trucks or in pressurised cylinders.
Design work is ongoing in Norway and Japan for larger CO2 ships. The associated liquefaction and intermediate storage facilities for CO2 are also being planned. Considering the worldwide lack of extensive experience in maritime transport of CO2 in very large quantities for CCS, it becomes extremely necessary that a very well organised planning approach be put into place to begin extensive CO2 marine transport. For instance, planning should consider the capacity, service speed, number of ships and shipping schedule. Likewise, the CO2 capture rate and distance between shipping points of transport, as well as the social and technical restrictions, should be considered in the overall management plan. Experience can be drawn from the marine transport of LPG, considering that CO2 transportation by ship has a number of similarities to the LPG marine transport. As part of the planning preparation, CO2 planners must consider that temporary storage tanks will be required at delivery points onshore where CO2 is unloaded from the ship tankers. These temporary storage tanks are needed especially if there are delays in shifting loads to pipelines that will eventually deliver the CO2 to its sequestration site.
Major shipping companies are now taking an interest in sea transport of CO2. On May 24, 2009, it was reported in a US Carbon Sequestration Council news release that shipping groups may provide vessels capable of transporting CO2 to offshore disposal sites. It was stated that the Norwegian shipping group IM Skaugen has identified a commercial scope for the ship industry in CCS. Units of the Danish oil and shipping group A.P. Moller-Maersk are also looking into the commercial potential of CCS. Maersk Tankers is focused on the transportation of CO2, while Maersk Oil is looking into the storage aspect of CCS projects. Maersk has estimated that shipping CO2 by tanker from Denmark to the North Sea would cost about USD12 per ton. Maersk has said a ship of 20,000 to 35,000 m3 that can hold 25,000 tons of CO2 would be best suited for the job (Saul 2009).
It was likewise reported in the Financial Times on March 14, 2009 in an article written by Robert Wright that Maersk Tankers, which is one of the world’s largest owners of oil and gas tankers, has become the first major operator to announce plans to enter the market to transport captured CO2. Maersk Tankers said demand for the service could be vast – around 750 Mtpa of CO2 that are emitted from large power plants around the North Sea alone. That amount is estimated to fill 380 tankers of the kind Maersk envisages using for the new market. Most previous plans to transport captured CO2 have focused on using pipelines to move it from power stations and other producing sites to underground reservoirs. Maersk announced its plans at an international scientific conference on climate change near its Copenhagen headquarters. The meeting was part of the preparation for the United Nations climate conference in Copenhagen in December, 2009. The market would require new tankers with a mix of the capabilities of Maersk’s existing LNG and LPG carriers, according to Martin Fruergaard, Senior Vice-President of Maersk Tankers. The gas would need to be both refrigerated, as happens on LNG carriers, and kept under pressure, as is LPG.
Ships or carriers transporting gas are designed based on regulations for the design and construction derived from practical ship designs codified by the International Maritime Organisation (IMO). These initial stages of development in designs today were drawn upon the knowledge of many experts in the field, such as those who had already been designing and building such ships. Consequently, several rules have resulted from a number of recommendations. However, all new ships (from June 1986) are built to the International Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (the IGC Code). This code also defines cargo properties and documentation provided with the ship (the Certificate of Fitness for the Carriage of Liquefied Gases in Bulk). It also shows the cargo grades the ship can carry. Included in the code guidelines are temperature limitations imposed by the metallurgical properties of the materials that are used in the construction of the containment and piping systems. It also takes into account the reactions between various gases and the elements of construction not only on tanks, but also related to pipeline and valve fittings.
When the IGC Code was produced, an intermediate code was also developed by the IMO – the Code for the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (the GC Code). This covers ships built between 1977 and 1986. The gas carriers which were in existence before IMO codification and ships built before 1977 are defined as ‘existing ships’ within the meaning of the rules. To cover these ships, a voluntary code was devised, again by the IMO – the Code for Existing Ships Carrying Liquefied Gases in Bulk (the Existing Ship Code). Despite its voluntary status, virtually all ships remaining in the fleet of this age, and having lasted this long due to disciplined maintenance program, have certification in accordance with the Existing Ship Code, as otherwise international chartering opportunities would be severely restricted.
Cargo carriage in the pressurised fleet comprises double cargo containment – hull and tank. All other gas carriers are built with a double hull structure, and the distance of the inner hull from the outer is defined in the gas codes. This spacing introduces a vital safety feature to mitigate the consequences of collision and grounding. Investigation of a number of actual collisions at the time the gas codes were developed drew conclusions on appropriate hull separations which were then incorporated in the codes (The UK P&I Club 2005). The design of CO2 tanker ships are derived from the design of LPG and LNG carriers. For example, the hull and tank structure of liquid gas transport ships, such as LPG carriers and LNG carriers, are designed according to the International Gas Carrier Code which is adopted by the IMO in order to prevent the significant secondary damage from accidental damage to ships. CO2 tankers are designed and constructed under this code as well. There are three types of tank structure for liquid gas transport ships, namely:
In this regard, most small gas carriers are pressure type, and large LPG and LNG carriers are of the low temperature type. The design trend of smaller vessels taking higher pressure is understandable, since the smaller diameter containment cross-sections of the vessel proportionately require a relatively moderate thickness on the pressure containing walls of the cargo chamber. On the other hand, the low temperature type is suitable for mass transport because tank size restriction is not severe, since vapour pressures at the lower temperatures are also lower. The semi-refrigerated type, including the existing CO2 carriers, is designed so that the combined conditions of temperature and pressure necessary are met to keep the cargo gas as a liquid. Some tankers such as semi-refrigerated LPG carriers are designed for applicability to the range of cargo conditions between normal temperature/high pressure and low temperature/atmospheric pressure.
Comparison of LNG, LPG and CO2 characteristics
The comparative properties of gases being discussed in relation to ship tanker transport are presented in Table C-3.
Table C-3 LNG, LPG and liquefied CO2 hazards
HAZARD | LNG | GASES LPG | Liquefied CO2 |
Toxic | No | No | No |
Carcinogenic | No | No | No |
Asphyxiant | Yes (in confined spaces) | Yes (in confined spaces) | Yes (in confined spaces) |
Others | Low temperature | Moderately low temperature | Low temperature |
Flammability Limits in Air (%) | 5 - 15 | 2 - 10 | Non-flammable |
Storage Pressure | Atmospheric | Often pressurised | Pressurised |
Behaviour if spilt | Evaporates forming a visible ‘cloud’ that disperses readily and is non-explosive, unless contained | Evaporates forming an explosive vapour cloud | Solidifies to ‘dry ice’ (if no sufficient heat around) and then sublimates as surrounding temperature increases |
Source: The UK P&I Club, 2005
A well designed loading terminal can provide safe and efficient loading of CO2 for ship transport. As there could be various means of CO2 transport from capture points to this terminal, all these means of transport must converge at the loading terminal. Illustrated below is a scenario where all expected means of transport for CO2 are shown to converge at the loading terminal. Considering that there could be barriers towards accumulating huge stocks of CO2 near populated areas, a transition station, such as a Floating Production Storage and Loading (FPSL) Vessel, can be provided in order to provide a safe distance between the CO2 temporary storage and loading area and the shore. This concept is actually adopted from the currently used Floating Production, Storage and Offloading (FPSO) vessel in the oil and gas industry. The FPSO is a type of floating tank system equipped with all necessary facilities and designed to take all the oil and gas for offloading onto waiting tankers. The advantages of this floating system are:
There have been varied ideas about the delivery points of captured CO2 by ships.
The CO2 could be delivered to an ocean platform where it would be transferred as a supercritical liquid and injected into wells for EOR or EGR or for sequestration in geologic formations below the ocean bed.
There is the possibility in the future for land sequestration of CO2 captured overseas. Countries which have limited storage capacity could ship captured CO2 to other countries for use or storage. Such shipment could be by ocean going ships.
Should land sequestration be finally considered for captured CO2 transported over water, the following process (steps as numbered) would likely be adopted:
Step 1: | CO2 gas is liquefied during transport; |
Step 2: | The tanker connects to docking buoy below the surface. The buoy is connected to land via pipeline; |
Step 3: | CO2 is converted to the supercritical liquid state on board; and |
Step 4: | High pressure pumps would unload the liquid and it would be transported by pipeline to sequestration location inland. |
CO2 storage, also called CO2 sequestration, refers to processes that keep CO2 from being emitted to the atmosphere by storing it in a location where it will remain trapped for thousands of years or longer. Most carbon sequestration processes store CO2 away from the atmosphere, at great depth in the ocean or within the earth’s crust. However, one carbon storage process, called terrestrial storage, stores CO2 in plant cell material and in soil organic matters that are in close contact with the atmosphere, but locked in a solid form.
There are four main methods that are either being considered or presently being used for carbon sequestration:
In this section these various ways of storing CO2 to reduce GHG emissions to the atmosphere are examined. Advantages or limitations are considered, and the status of current storage projects is summarised by looking at specific examples.
Figure D-1 Relationship showing density and depth of CO2 injection
Source: CO2CRC, 2009
The density of CO2 increases with depth of injection, becoming constant below 1.5 km. The relative volume occupied by CO2 decreases in proportion to the increase in density. Most methods of CO2 storage (except terrestrial storage) take advantage of the physical properties of CO2 that allow its density to increase as pressure increases. When the pressure is high enough, CO2 takes on a liquid-like form that is much denser than CO2 gas. This means that a higher mass of CO2 occupies a smaller volume of space, and therefore can be stored in a smaller volume of reservoir. This liquid-like form of CO2 is called “supercritical” or “dense phase.” This dense phase CO2 has peculiar physical properties, namely displaying high densities like liquids and low viscosities like gases. Dense phase CO2 flows like a liquid and is not very compressible. In the dense phase, the liquid CO2 does not mix with water, but forms a separate layer that floats above the water when the two fluids are combined, much as oil floats as a separate layer above water. This occurs because the dense phase CO2 is less dense than water, like oil is less dense than water. Although dense phase CO2 does not mix with water, some of the CO2 will dissolve in water forming dissolved CO2 gas, much like a soft drink, carbonic acid, or dissolved ions such as bicarbonate and carbonate. Some of the dissolved forms of CO2 will also react with other elements to form rock minerals such as calcite (limestone). However, this is a relatively small proportion of the total amount of CO2 present.
The various methods of geological storage are illustrated in Figure D-2 below.
Figure D-2 Geological storage options for CO2
Source: CO2CRC, 2009
Geological storage of CO2 refers to the sequestration of carbon in deep porous rock formations that are isolated from the atmosphere by thick layers of impermeable rock. The CO2 is stored in the pore spaces between mineral grains that make up rocks such as sandstone or limestone, or within voids or cavities within rocks such as basalt or salt.
Rock formations that are suitable for CO2 storage are called reservoirs. They have a relatively large amount of open pore space, called porosity, and allow fluids to flow freely through the pore spaces, a property that is called permeability. The reservoir rocks may or may not be very thick, for example, a few tens of metres to several hundreds of metres. However, they ideally extend laterally for large distances, typically tens to hundreds of kilometres, in order to provide sufficient capacity to be economical. Also, and very importantly, the reservoir rocks must have a sealing layer of impermeable rock, called a cap rock, above the reservoir. The cap rock is impermeable to the flow of fluids and will not allow the stored CO2 to pass through it, except at very minute rates.
The pore spaces within deep geological formations are not empty – typically they are filled with water, but sometimes with crude oil or gas (natural gas, methane, or even natural CO2).
As the pore space in reservoir formations is already filled with fluids, when CO2 is injected into a storage reservoir, it must displace the natural fluid which will flow away from the injection location to other parts of the reservoir.
In deep reservoirs the weight of the overlying rock and water that fills the pore spaces results in very high pressures within the reservoir formation. This pressure alone is enough to keep the CO2 in the dense phase. Once the depth of a reservoir reaches about 800 m, the natural formation pressure will be high enough to keep stored CO2 in the dense phase. Consequently, most reservoirs that are considered for geological storage of CO2 are at depths greater than 800 m.
To put CO2 into a deep geological reservoir, typically an injection well is used. Injection wells may be vertical or horizontal wells, but in either case they have a perforated section within the storage reservoir, and plain steel pipe called well casing across other zones that are intersected by the well. The well casing is cemented in place so that there is no leakage between the well casing and the wall of the borehole that was drilled to install the well casing.
Injection of dense phase CO2 into geological formations is not new. Injection of CO2 into oil reservoirs for EOR has been conducted extensively in oil producing regions of the USA, such as the Permian Basin in Texas or the San Juan Basin in Colorado, since the late 1970s to early 1980s. Although improvements are likely to be required to deal with the large amount of CO2 from a typical fossil fuel power plant using a minimum number of injection wells, the basic technology to transport CO2 in pipelines and inject it into geological formations using injection wells is well established.
In order to achieve dense phase CO2 to flow into the reservoir formation from the injection well, the injection pressure must be higher than the natural formation pressure. The higher the injection pressure, the higher the rate of CO2 injection will be. However, if the injection pressure is high enough, it is possible to fracture the rock in the reservoir formation. This pressure is called the fracture pressure. The maximum CO2 injection pressure is usually limited by the fracture pressure of the reservoir formation, because if the reservoir formation fractures, the sealing caprock may also be fractured, and the seal that keeps the CO2 within the reservoir could be compromised. Regulatory guidance such as, the US EPA (2008), typically limits the maximum injection pressure to 90 percent or less of the formation fracture pressure.
The accumulation of crude oil or natural gas for millions of years in geologic reservoirs is direct evidence that such reservoirs can keep fluids in the subsurface isolated from the surface environment over geologic time, that is, thousand to millions of years. There is no reason to expect that stored CO2 would behave in a substantially different way under similar storage conditions. In fact, natural accumulations of CO2 occur in a number of locations in the world and are trapped in subsurface reservoirs, not unlike natural gas deposits, on a geological time scale. For example, in the Colorado Plateau of the USA, the McElmo Dome in Colorado is a natural 98 percent CO2 reservoir that is the source of 15 Mtpa of CO2 that is used for EOR in the Permian Basin of Texas (Allis et al. 2001).
The pore spaces in most deep rock formations are filled with water. In rare cases the pore spaces are filled with crude oil or natural gas. The water in the pore spaces of deep formations is typically saline, sometimes up to tens times as saline as sea water. This is because most of the reservoir rock formations were deposited under marine conditions or formations above or below the reservoir were deposited under marine conditions, so the pore spaces were originally occupied by sea water. The saline water in these deep formations is generally not suitable for drinking water, or any other human use without treatment.
The water in deep saline formations is not standing still, but flows extremely slowly, in response to pressure differences on a regional scale, which can be of the order of hundreds to thousands of kilometres. The speed at which the saline formation water flows is very slow, typically only tens of centimetres to a few metres per year, so that over a thousand years, the water is likely to travel only a few hundred metres or at most a few kilometres. Consequently, the water in deep saline formations is likely to be extremely old, and retains its saline character because it has probably been isolated from near-surface sources of fresher water for thousands or millions of years. Similarly, when CO2 is stored in such a formation, it can be expected to be isolated from the near-surface for a very long time, typically a thousand years or more. The IPCC (IPCC 2005) estimates that 99 percent of geologically stored CO2 will remain isolated from the atmosphere after 1,000 years, provided a proper storage site from the standpoints of injectivity, capacity and containment is chosen.
Because of their great depth and long-term isolation, deep saline formations that are suitable for carbon storage may or may not have trapping mechanism, like an oil reservoir, to keep the injected CO2 in a particular location. Although a trapping mechanism like a dome or an impermeable fault are good features to keep the buoyant plume of stored CO2 from moving, they are not absolutely necessary features because of the very slow movement and long-term isolation offered by deep saline formations even without traps.
Saline formations have the advantage of being particularly widespread over much of the world where coal or other fossil fuel sources are found. This is because saline formation reservoirs are typically sedimentary rocks, and such rocks are found in sedimentary basins where coal, oil and natural gas deposits also occur.
Due to the absence of a financial incentive for CO2 storage into saline formations in most jurisdictions, there are relatively few examples of active, commercial-scale projects of this type in the world. Certainly the oldest and perhaps most well-known such project is the Statoil Sleipner Project in the North Sea off Norway. This project has been in operation since 1996 and is injecting approximately 1 Mtpa of CO2 into a sandstone saline formation that is 800 to 1,000 m below the ocean floor. The cap rock is a continuous shale layer 75 m thick. The CO2 is removed from natural gas that is produced from the gas field, and is then injected by a horizontal injection well at a rate of 2,700 tpd (IPCC, 2005).
Another well-known, active commercial scale CO2 storage project using a saline formation is the In Salah Gas Project in Algeria, operated by Sonatrach, British Petroleum (BP) and Statoil (Michael et al. 2009). This project also extracts CO2 from a natural gas stream that is about 10 percent CO2, and re-injects it into a saline formation that is 1,800 m deep. In this case, the saline formation is the same formation as the gas reservoir. However, the CO2 is injected into a water-filled portion of the formation that is deeper than the gas reservoir, and some distance away from the gas reservoir. The caprock is a thick sequence of mudstone 950 m thick. Three horizontal wells, each 1,500 m long, are used to inject approximately 1 Mtpa of CO2. The CO2 injection program began in 2004 (IPCC 2005).
The Statoil Snøhvit project, in the Barents Sea off the coast of northern Norway, is a more recent carbon storage project utilising a saline formation for injection (Statoil 2009). The CO2 is removed from a natural gas stream and reinjected into a sandstone saline formation that is somewhat deeper than the gas reservoir at a depth of 2,600 m beneath the sea floor. The cap rock shale is 30 m thick. The project stores 700,000 tonnes of CO2 annually, with injection beginning in 2008.
The Gorgon Project, a joint venture of Chevron, ExxonMobil and Royal Dutch Shell, located off the north western coast of Australia is now estimated to begin injection at some point between 2014-2015. The project will extract CO2 from a natural gas stream that contains 14 percent CO2. The natural gas will be liquefied and exported, and the captured CO2 will be reinjected into a sandstone saline formation at 2,000 m depth (Fleet et al. 2008). The planned injection rate, at 3.5 Mtpa, will make Gorgon the largest CO2 storage project in the world.
Several pilot or demonstration-scale CO2 storage projects in saline formations are underway by the US DOE Regional Carbon Storage Partnership Program (Phase II) in the USA, including projects in the Illinois Basin, Cincinnati Arch, Appalachian Basin, Michigan Basin, Central California and Northeastern Arizona. These projects are testing CO2 injection into various saline formations at rates up to 10,000 tpa.
The Ketzin Project in Germany, operated by a consortium called CO2SINK, is a pilot project that will inject 30,000 tonnes of CO2 per year from an industrial source into a saline formation 650 m deep (Schilling 2009). The caprock is mudstone and dolomite 210 m thick. Injection began in June 2008 and is planned to continue for two years.
The Lacq CCS project near Pau, France involves capturing the CO2 from a gas-fired power plant and injecting it into the nearly depleted Rouse Formation carbonate reservoir for storage (Leblond 2009). The process involves one of five steam boilers from Lacq’s steam generating plant to be converted to an oxyfuel combustion unit which will capture CO2, compress it, and transport the gas through a 27 km gas pipeline to be injected into the reservoir at a depth of 4,500 m. Total SA received authorisation to start injection of CO2 for the CCS pilot two year project at the beginning of 2009 (Offshore Technology 2008). During this two year period, the pilot plant will produce 40 tph of steam that will be used by nearby industries, and will create over 120,000 tons of CO2 emissions to be stored. During the CCS project, monitoring and measurements will be taken for CO2 injection flow, pressure, temperature, and concentration of CO2.
Depleted oil and gas reservoirs are excellent candidates for CO2 storage. This is due to:
However, depending on the age and operational history of the oilfield, there may be a concern over potentially leaky wells or improperly abandoned wells that could compromise the integrity of the cap rock.
At the present time, most carbon storage projects involving oil and gas fields, even depleted ones, are being operated as CO2-EOR projects. This is because, under most circumstances, a significant amount of oil that was previously unrecoverable after water flooding (known as secondary recovery) becomes recoverable upon injection of CO2.
In some cases such as the In Salah project described previously, are considered as injection into a depleted reservoir, since its injection occurs into the reservoir formation (IPCC 2005), however, in most cases that project is considered as a saline formation injection. A significant new pilot-scale project with CO2 storage in a depleted gas reservoir is the CO2CRC Otway Project in the state of Victoria, Australia. This project also removes CO2 from a natural gas field. However, in this case the gas stream is 80 percent CO2 and 20 percent methane. The CO2 is removed and injected into a depleted sandstone gas reservoir beneath the producing reservoir, at a depth of 2,050 m. The project started injection in April 2008 and has injected 65,000 tonnes of CO2 to date (Sharma 2009).
At the Otway project natural gas, high in CO2, is produced from Buttress wells, treated, recompressed, transported and re-injected into a depleted reservoir through a new well – CRC 1. The existing Naylor well is used for monitoring the injection and migration processes.
Injection of CO2 has now been temporarily halted so that the project can be reconfigured to allow injection into a new saline formation at a depth of about 1500m, subject to the approval process.
In order for a coal seam to be suitable for CO2 storage it must have natural fractures called “cleats”, to allow fluids to flow through the otherwise impermeable coal. Coal deposits naturally contain cleats, giving a blocky structure to the coal in coal seams.
For a coal seam to be suitable for CO2 storage, it must be uneconomical to be mined. A frequently cited situation where this condition is met is coal that is below a practical mining depth. Otherwise, any CO2 in storage would be released when the coal was mined and burned. The depth at which coal is considered unmineable varies with local geologic conditions, economic conditions and world energy prices. However, in general terms, unmineable coal seams are likely to be several hundreds of metres or more in depth. It should be noted that the deeper the coal seam is, the less permeable it is likely to be. This will have a negative influence on its ability to store CO2. So a seam being unmineable and suitable for storage are possibly at odds with one another. For this reason there is some doubt as to whether coal will offer significant storage capacity.
Despite its solid appearance, coal actually contains extremely small pore spaces where molecules of gas can attach themselves to the solid coal material. Most coal naturally has an appreciable amount of methane gas attached to the coal. The CO2 molecules can also attach themselves to the solid coal by a process known as adsorption, and in fact, are more strongly held to the coal than methane. In the presence of both gases, CO2 is preferentially attached to the coal, displacing the methane. From a carbon storage perspective this process can be either an advantage or disadvantage. If the displaced methane can be recovered and used as a fuel source, a significant advantage is realised since otherwise unrecoverable energy is produced, and CO2 remains in the coal. This mechanism is the basis for the ECBM recovery process. If the methane cannot be recovered, however, there is some risk that the methane released from the coal could reach the atmosphere, which is very undesirable since methane is a much stronger GHG than CO2.
Due to the economic and environmental benefits of producing methane gas while storing CO2, all current CO2 storage projects in coal beds include CO2 enhanced methane production, which is discussed in a following section. There are no current projects that store CO2 in deep unmineable coal without also recovering displaced methane gas.
Underground salt caverns have been used in many locations for the temporary storage of natural gas or liquid hydrocarbons. While underground salt caverns potentially could store meaningful quantities of CO2 locally, such features require the existence of an effective geological sealing layer to be effective in long-term storage of CO2. In addition, the salt cavern must be able to support pressures high enough to allow storage of dense phase CO2. Salt has the ability to deform and move, as evidenced by the formation of salt domes from what were originally flat-lying salt beds. This characteristic can also allow salt caverns to deform and change volume until the pressure of the CO2 in the cavern equalises with the formation pressure in the surrounding rocks (Bachu and Dusseault 2005).
Salt caverns would have to be very large or several smaller caverns would have to be linked together to provide enough storage space for even a modest sized CO2 source. For example, for a 500 MW coal-fired power plant capturing 3 Mtpa of CO2, the storage requirement for only one year would be the equivalent of a spherical cavern over 150 m in diameter.
There are no current CO2 storage projects at a pilot or larger scale that make use of salt caverns.
Basalts are ancient volcanic rocks such as lava flows that may have porosity and permeability in the fractures or cavities between blocks of solid rock. A unique characteristic of basalt is the ability to react with CO2 to directly form solid carbonate minerals, which then sequester the introduced carbon. Significant challenges exist regarding the presence and effectiveness of any sealing formations, large-scale porosity and permeability of the formations, and the mechanisms of injecting CO2 into these very heterogeneous formations.
Basalts are widespread across the world, however, little is known about the CO2 storage properties of these formations. The US DOE through its NETL is conducting basic research on the chemical and storage properties of basalts in the USA and India. However, there are no current or planned pilot or larger-scale projects on CO2 storage in basalts.
Shale, the most common type of sedimentary rock, is characterised by thin horizontal layers of rock with very low permeability, especially in the vertical direction. Fractures in the shale may provide much of the permeability, as is the case for coal. Shale commonly has 1 to 2 percent organic material in the form of hydrocarbons, which can be exchanged for CO2 in a manner similar to CO2 storage in coal seams. CO2 injection rates in the low permeability shale are likely to be a key limitation to the widespread application of this approach.
Oceans naturally store CO2 from the atmosphere because CO2 is soluble in water, including sea water. Because of chemical equilibrium, the higher the concentration of CO2 in the atmosphere, the more CO2 dissolves into the ocean. However, when CO2 dissolves, it forms a weak acid called carbonic acid, which can lower the pH of sea water. This is a key concern with ocean storage of CO2, due to potential effects on marine life.
At ocean depths less than 500 m, CO2 would exist as a gas, and is subject only to dissolution in sea water and formation of carbonic acid. Dissolved CO2 can eventually rise to shallower depths and be released to the atmosphere, greatly reducing any component of CO2 storage.
At ocean depths between 500 and 2,700 m CO2 would exist as a liquid that is less dense than sea water. As such, it could rise upward in the ocean to shallower depths, and therefore would not be effectively sequestered.
Below an ocean depth of 2,700 m, liquid CO2 is denser than sea water, and sinks to the sea floor to form pools or lakes of liquid CO2.
At ocean depths below 300 m at temperatures less than 8°C, CO2 and water molecules can interact to form solid hydrate crystals, which are denser than sea water and tend to sink.
Storage of CO2 in deep ocean waters could take several different forms:
While deep ocean storage has been a subject for research and has been at least proposed for some projects, the United Nations Convention on the Law of the Sea (UNCLOS) would serve to limit the ability to undertake storage in the water column (the water rather than the sea bed, ocean floor and subsoil underlying the high seas). The OSPAR convention which relates to the North Atlantic was amended in 2007 to specifically prohibit storage of CO2 in the water column. It concludes that in order for storage to be allowed in the water column amendments to UNCLOS would be required including granting of authority to the International Seabed Authority (ISA) to regulate and set standards for CCS activities. The following discussions of deep ocean storage options are included for reference should such amendments to UNCLOS be proposed.
The average depth of the ocean is 3,800 m, and ocean depths greater than 3,000 m are not uncommon. Deep ocean injection of liquid CO2 at these depths would create a layer of liquid CO2 that does not mix with ocean water and would be denser than ocean water forming a pool or lake of liquid CO2 on the ocean floor. Because of the vastness of the oceans, the capacity for this type of storage is essentially unlimited.
At the interface where the pool of liquid CO2 meets the sea water above, CO2 would gradually dissolve in the water and react to form carbonic acid. Formation of a hydrate layer on the top of the CO2 pool would likely slow the rate of CO2 dissolution. However, over time, dissolution of CO2 into the sea water would gradually deplete the pool of CO2. At present, it is not known how long this process might take, but estimates for a 50 m thick lake range from as low as 30 years for an area with strong ocean currents to as long as 1,000 years in a quiescent ocean setting where dissolution is controlled by diffusion. Once dissolved in sea water, the CO2 would then be available to interact with the global carbon cycle through the ocean – atmosphere interface. However, this could take a very long time. IPCC estimates that for CO2 storage in the ocean below 3,000 m depth, 85 percent of the CO2 would remain stored after 500 years.
Liquid CO2 lakes on the ocean floor could be formed either by injection directly from a discharge pipe near the ocean floor, or by the formation of a sinking plume of liquid CO2 injected below 3,000 m depth, so it is denser than sea water, but still substantially above the ocean floor. In this case, the plume of liquid CO2 would sink to the ocean floor, forming a pool or lake. The risks associated with this storage include subsea seismic activity, landslides or other phenomena which may cause remixing of the CO2 with the sea water and the destruction of bottom dwelling species.
When an excess of CO2 is present in relatively cold ocean water (below 8°C) a solid hydrate can form consisting of six water molecules that make a cage around one CO2 molecule. The hydrate can then form larger mineral crystals that are denser than sea water and will therefore sink.
The hydrate formation process is, however, reversible, and hydrate crystals can re-dissolve in sea water when CO2 concentrations decrease.
CO2 dissolves in water and reacts with water to form dissolved carbonic acid and dissolved ions such as bicarbonate and carbonate. The amount of CO2 that goes into solution depends on the concentration or pressure of the CO2, and the proportion of the dissolved CO2 in the various forms (carbonic acid, bicarbonate, and carbonate) depends on the pH of the water. High pH tends to favour an increase in the proportion of carbonate ion, lower pH favours the carbonic acid form. At the typical ocean pH of about 7.5 to 8.5, the dominant form of dissolved CO2 is bicarbonate ion.
Storage of CO2 by dissolving it in deep ocean water could be accomplished using either CO2 gas or liquid CO2 released at depths of less than 2,500 m where the liquid phase CO2 is less dense than sea water. In either case, CO2 would be released through a diffuser that creates small bubbles or droplets, since these will dissolve in water more quickly than larger forms.
Once dissolved, the introduced CO2 will mix with the surrounding ocean water, and eventually re-equilibrate with the atmosphere. For CO2 introduced at a depth of 1,000 m, about 50 percent would remain dissolved in the ocean water after 200 years, but only about 20 percent after 1,000 years (IPCC 2005).
The CO2 that is captured for control of GHG emissions from a power plant or other source of CO2 emissions can in some cases be used for other economic purposes that can generate revenue from the sale of the CO2, and also from production of materials such as crude oil or natural gas that also have economic benefits.
The most commonly applied beneficial reuse for CO2 is in CO2 - EOR (CO2-EOR). This process takes advantage of the physical properties and behaviour of CO2 in an oil reservoir to create an increase in oil production and also to allow recovery of energy reserves that would otherwise remain “stranded” in the reservoir as unrecoverable. A significant side benefit of CO2-EOR is that a very significant proportion of the CO2 that is injected for EOR remains in permanent storage in the reservoir. CO2 may also be used to enhance the recovery of natural gas from gas fields, (EGR) and also may enhance the recovery of methane from coal beds (ECBMR).
In addition to enhanced hydrocarbon recovery, other potential beneficial reuses of CO2 include the formation of solid mineral products, such as carbonate minerals, urea production, plastics production, chemical conversion to fuels and biologic conversion to fuels. An important issue in beneficial reuse is the quantity of CO2 targeted for storage (billions of tonnes per year) versus the very few commodities which are consumed in those quantities. The list is quite short: fuels, food, and construction materials. Chemicals and plastics are not on the list; they are an emerging market for CO2.
A 1997 US DOE sponsored white paper prepared at the MIT stated that:
Under conventional oil production, including water flooding (“secondary recovery”), typically only about one-third of the amount of oil originally in the reservoir is recovered, leaving about two-thirds as stranded, non-recoverable oil.
Dense phase CO2 under most common oil reservoir conditions (temperature, pressure, oil gravity) mixes with the crude oil. The mixture of CO2 and oil is less viscous than the crude oil alone; therefore the crude oil in the mixture flows more easily through the reservoir formation to a producing well. Use of CO2 for EOR also allows oil reserves to be recovered that would otherwise be stranded. In a recent study of oil recovery by CO2-EOR in the USA, Ferguson et al. (2009) estimated that between 6.7 percent and 18.9 percent of original oil in place is recoverable by CO2-EOR (on a state by state basis), with an overall average for 11 USA states of 14.6 percent of the original oil in place. For the USA, with 595.7 billion barrels of oil (originally in place), this translates to an additional 87.1 billion barrels of oil recoverable by CO2-EOR, which would otherwise be stranded in reservoirs. On average, approximately 50 percent of the CO2 used for CO2-EOR is retained in the reservoir after oil production ceases (IPCC 2005), based on traditional oilfield practices with CO2 recycling. Presumably, CO2-EOR operations could be managed to deliberately store a much greater proportion of CO2 under suitable CO2 pricing conditions.
The CO2 EOR process is described as follows. Dense-phase CO2 is injected into the oil reservoir through an injection well, and the injected CO2 mixes with and mobilises the crude oil, which then flows to one or more production wells. Typically, each CO2 injector well is surrounded by a number of producer wells, forming a “pattern.” In many CO2-EOR operations, water injection is alternated with CO2 injection to improve sweep of oil from the reservoir.
In addition to CO2-EOR using dense phase CO2, EOR can also be done using gas phase CO2. This method is best suited to shallow reservoirs or other reservoirs where oil properties or reservoir conditions do not allow the mixing of dense-phase CO2 and oil.
Although EOR is by far the main enhanced hydrocarbon recovery method using CO2, it is also theoretically possible for EGR using CO2 (CO2-EGR). However, there are no commercial or pilot scale CO2-EGR projects in operation.
The Rangely Project in Colorado, USA, is one of the longest-operating CO2-EOR projects. Discovered in 1933, conventional recovery from 1944 to 1986 totalled 1.9 billion barrels, or 19 percent of the original oil in place. CO2-EOR was started in 1986 using CO2 delivered by pipeline 283 km from a natural gas processing facility in Wyoming, USA. CO2-EOR is expected to produce 129 million barrels, or 6.8 percent of the original oil in place. As of December 2006, 25 million tonnes of CO2 has been stored in the reservoir (Wackowski 2007).
The Weyburn-Midale CO2-EOR Project in Saskatchewan, Canada remains the world’s largest carbon storage project, injecting 1.75 Mtpa of CO2 into the Weyburn Unit, operated by Encana, and the Midale Unit, operated by Apache. Originally discovered in the early 1950s, CO2 injection started in 2000 with the Weyburn Unit only. The CO2-EOR Midale Unit began in 2005. The project uses dense phase CO2 supplied by the Dakota Gasification Company in Beulah, North Dakota, via a 320 km long pipeline.
The two units combined had a total original oil in place of 1.9 billion barrels, of which 500 million barrels (26 percent) had been recovered prior to the start of CO2-EOR. CO2-EOR will allow the recovery of an additional 215 million barrels (11.3 percent of the original oil in place). In the process, over 40 million tonnes of CO2 will remain stored in the reservoir (PTRC 2007).
As noted previously, CO2 is preferentially taken up by coal over methane gas. Thus, when CO2 is injected into a deep unmineable coal seam, CO2 displaces the methane that is naturally held within the coal, and it is possible to recover the methane released, and use it as a source of energy. This process is called CO2 ECBMR.
ECBMR is one of the few CO2 storage options that can use either gas phase CO2 or dense phase CO2 for injection, depending on the depth of the coal seam. This is an advantage because the permeability of coal typically decreases with depth, since the fractures that make coal permeable are gradually squeezed shut due to the pressure of the overlying rock.
There are several requirements for CO2 ECBMR to be practical (IPCC 2005):
The first demonstration of CO2 ECBMR was the Allison Unit ECBMR pilot project of Burlington Resources in the San Juan Basin of New Mexico, USA. The project injected CO2 into a producing coal bed methane field from 1995 to 2001 (IPCC 2005). Over that period, 322,000 tonnes of CO2 were injected into 4 injection wells, with methane producing from 16 wells. Of the amount injected, 277,000 tonnes of CO2 remained in geologic storage in the coal; the rest was produced with the methane. Dense phase CO2 was injected during this pilot project, due to the relatively high reservoir pressure in the coal. The project showed that one volume of methane was produced for each three volumes of CO2 injected. However, as CO2 is taken up by the coal, it causes the coal to soften, allowing fractures to partially close, and the permeability was reduced, decreasing the rate of CO2 injection by one-half.
The Recopol (Reduction of CO2 emissions by means of CO2 storage in coal seams in the Silesian Coal Basin of Poland) project (2004) was a CO2-ECBMR pilot project in Poland launched in November 2001 with the purpose of investigating the technical and economic feasibility of storing CO2 permanently in coal seams while at the same time producing methane gas. The Recopol site is located in the Upper Silesian Basin in Poland, which contains coal-bearing Carboniferous sediments capped by Miocene rock (Pagnier and Bergen 2005). In 2003, the Recopol field site was officially opened, and during the project 203 tons of CO2 were stored in tanker trucks under pressure before being injected via the injection well. On the site, there were two existing coal bed methane (CBM) production wells, with one injection well drilled to a depth of 1,120 m into which the CO2 was injected into the coal seams. The produced CBM was transported offsite by existing infrastructure. The coal seams into which the CO2 was injected consisted of thin coal layers that are bound by highly impermeable shales. Project duration was 36 months, and field experiment duration was 18 months. There is some doubt as to the conclusion with regard to sequestration of C02 of the Recopol project.
The US DOE is sponsoring six Phase 2 carbon storage pilot projects in deep coal seams. In one of these, the Southeast Regional Carbon Sequestration Partnership’s (SECARB) Central Appalachian Coal Seam Project recently conducted a pilot scale injection of CO2 into two unmineable coal seams ranging from 490 to 670 m deep in the Oakwood Coal Bed Methane Field of the Central Appalachian Basin in Virginia, USA (Karmis 2009). 1,000 tons of gas phase CO2 was injected into a test well in January and February 2009. Extensive surface and underground monitoring of CO2 movement was done, including using two observation wells up to 100 m from the injection well. CO2 was observed in both observation wells. However, no change in methane production was observed in adjacent CBM production wells, spaced at 24 hectares from the injection well, as of May 2009. A similar test is planned by SECARB in 2009 for three coal seams in the Black Warrior Basin of Alabama, USA.
Mineralisation is a natural form of geologically storing CO2 by the very slow reaction between CO2 and naturally occurring minerals, such as magnesium silicate, to form the corresponding mineral carbonate.
Dissolution of CO2 in water forms carbonic acid. The carbonic acid can then react with the calcium, magnesium, and iron in carbonate and silicate minerals such as clays, micas, chlorites, and feldspars to form carbonate minerals such as calcite.
Of all forms of carbon, carbonates possess the lowest energy, and are therefore the most stable. CO2 stored as a mineral carbonate would be permanently removed from the atmosphere. Research is underway to increase the carbonation rate. However, the mass of mineral that would have to be quarried would be many times the mass of CO2 captured. At present, this option would be considerably more expensive than others. A novel example of mineralisation undergoing pilot-scale trials is the chemical conversion of refining wastes, such as bauxite residue (red mud), by combining with CO2. While ideally suited to lower CO2 volumes, the process addresses CO2 storage needs while reducing the environmental issues associated with the caustic form of the residue if stored as a carbonate when reacted with CO2.
Another type of beneficial reuse is in farming of algae for either foodstuff, fuel or for use in the chemical industry. This could be considered to be a special case of Terrestrial Storage as well as a beneficial reuse. One recently announced project envisions production of ethanol for either fuel or chemical feedstock using a specific strain of algae to convert CO2 and sea water into ethanol and oxygen. A pilot plant to develop this technology was announced on 29 June 2009 by a partnership of Dow Chemical and Algenol Biofuels. The pilot plant will produce approximately 375,000 liters per year of ethanol from 3,100 tubular reactors which are, in effect, miniature greenhouses. The plant is to be located at a Dow plant in Freeport, Texas, USA.
While part of a portfolio of CO2 emissions reduction options, algae farming is currently at the early stages of development. Its widespread deployment may be limited by issues surrounding the availability of land and water.