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Figure 13.1 | Analysis of trends in the 11 largest coal consuming countries: (a) coal consumption from 1980 to 2010 (Mt), (b) total energy use (Exajoules), (c) percentageof total energy from coal. For heavily coal-dependent and coal-rich counties such Australia, Canada, China, India, the United States, and Russia, it will be difficult to provide adequate energy supplies while rapidly reducing emissions if CCS is not possible. Figure 13.1 illustrates the current reliance on coal and rate of capacity growth for new coal-fired plants for several of the world’s largest economies. Among these heavily coal-reliant economies, those with the most rapid economic growth continue to install new plants at a rapid rate. Large new coal plants will each emit over 100 MtCO 2 over their 30- to 40-year lifetime, unless they can be retrofit with capture in the future.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.2 | Schematic of a fossil fuel-based energy system using carbon capture and storage to reduce CO 2 emissions. The red lines in the fi gure illustrate the extraction ofoil, gas, and coal from natural resources and transport to facilities used for power generation, refi ning, and industrial applications. Carbon dioxide capture is integrated with thefacilities for burning fossil fuels. After the CO 2 is captured, it is compressed to a dense gas, or more typically a liquid. From the compressor, CO 2 is put into pipelines for transport as shown by the blue lines. The CO 2 is transported to the storage sites, whereas shown, it could be injected into deep underground geological formations, converted to minerals, used to increase biological productivity in greenhouse and algae, or perhaps injected into the deep ocean. With today’s technology, storage in deep geological formations is the most advanced of these storage options and could be applied on the scale needed to signifi cantly reduce emissions. Source: IPCC, 2005 .CCS involves the integration of four elements: CO 2 capture, compression of the CO 2 from a gas to a liquid or a denser gas, transportation of pressurized CO 2 from the point of capture to the storage location, and isolation from the atmosphere by storage (see Figure 13.2 ). Technologies are available to carry out each of these elements, but today, implementation of CCS is challenging because the cost for capture is high, integration of CCS with electricity production or industrial processes is not demonstrated at a large scale, and more confidence is needed that storage can be safe and effective over time periods of 1000 years or longer.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.3a-c | Schematic showing the major steps and materials flows associated with the (a) post-combustion capture, (b) pre-combustion capture, and (c) oxycombustion. Source: courtesy of ZEP, 2011 .Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.4 | Utility and petroleum industry perspective on CCS and advanced power generation technology for coal. Source: modifi ed from Booras, 2009 .From pilot to demonstration to the first commercial unit, the unit costs almost always increase before decreasing via the learning curve. This is illustrated in Figure 13.4 , whichshows cost versus stated development for coal technologies and CCS options (Booras, 2009 ). In the early stages of development, advanced technologies often overestimate performance and underestimate costs. The less developed the CCS technology, the more uncertain the estimates.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.5 | Comparison of pipeline costs (a) and levelized costs (b) for a pipeline with a length of 100 km. Costs are reported in US 2005 $. Source: McCollum and Ogden,2006 .CO 2 transport costs are a function of pipeline length, diameter, material, route of the pipeline, and safety requirements, among other things. Figure 13.5 shows relations between capital costs, levelized cost, and CO 2 flows outlined in the literature.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.6 | Geographical relationship between CO 2 emission sources and prospective geological storage sites. The dots indicate CO 2 emission sources of 0.1–50 MtCO 2 /yr. Prospectivity is a qualitative assessment of the likelihood that a suitable storage location is present in a given area based on the available information. This figure should be taken as a guide only, because it is based on partial data, the quality of which may vary from region to region, and which may change over time and with new information. Source: IPCC, 2005.To date, sedimentary rocks, located in so-called sedimentary basins, have been the primary focus for geological storage of CO 2 because the storage on geological timescales has already been proven through the presence of oil and gas accumulations in them. Sedimentary basins underlie much of the continents and are co-located with many major large CO 2 emission sources (see Figure 13.6 ). Until recently, storage in sedimentary basins has been the exclusive focus of geological storage technology and capacity assessments. However, in the past five years there has been a significant effort to understand the potential of volcanic rocks, primarily basalt, for the storage of CO 2 (McGrail et al., 2006 ; Kumar et al., 2007 ).Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.7 | Cross-section of the San Joaquin Valley, California, showing alternating layers of sand and shale. Sand layers provide storage reservoirs; shale layersprovide seals.Sedimentary basins often contain many thousand meters of sediments where the tiny pore spaces (10- 3 –10 2 μ m) in the rocks are filled with saltwater (saline aquifers) and where oil and gas reservoirs are found. An example of a cross section through a sedimentary basin is shown in Figure 13.7 . Sedimentary basins consist of many layers of sand, silt, clay, carbonate, and evaporite (rock formations composed of salt deposited from evaporating water). The sand layers provide storage space for oil, water, and natural gas. The silt, clay, and evaporite layers provide the seal that can trap these fluids underground for millions of years and longer.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.8 | Options for geological storage within a sedimentary basin, including oil and gas formations, saline aquifers, and coalbeds. Source: modified from IPCC, 2005 .Geologic storage of CO 2 would take place deep in sedimentary basins trapped below silt and clay layers, much in the same way that oil and natural gas are trapped today (Holloway, 1996 ; Gunter et al., 2004 ). Within sedimentary basins, possible storage formations include oil reservoirs, gas reservoirs, saline aquifers, and even coalbeds (see Figure 13.8 ).Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.9 | Conceptual schematic showing trapping mechanisms and their evolution over a 10 thousand year period, as expressed as a percentage of the total trapping contribution (modified from IPCC, 2005 ). The relative importance of each trapping mechanism will be different depending on the attributes of the formation. For example, in a closed structural trap, which provides excellent containment beneath a dome-shaped seal, the secondary trapping mechanisms are comparatively small. In a formation with a dipping seal where the CO 2 moves upgradient due to buoyancy effects, the CO 2 will dissolve more quickly and a large fraction be subject to capillary trapping. For geological formations with a large fraction of reactive minerals such as feldspar or olivine, a significant fraction of the CO 2 may be converted to minerals.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.10 | Conceptual schematic illustrating the anticipated magnitude of health, safety and environmental risks over the lifetime of a typical geological storage project.Performance specifications, or acceptable risks, will be set by regulatory authorities. Projects will be designed to conform to regulatory requirements – or even lower dependingin the design specifications. Primary risk management tools include site characterization and selection, identifi cation and assessment of abandoned wells (including potentialremediation), and storage engineering to ensure CO 2 containment and management of injection pressures. Actual risks will change over time, with growing risks during theearly stages of the project, as CO 2 is fi rst injected into the storage reservoir. Eventually, information gained from the combination of performance modeling and acquisition ofmonitoring data will provide assurance that the project is conforming to the design specifi cations – or remediation measures will be taken to address unforeseen risks. Afterinjection stops, the pressure in the storage reservoir will begin to decrease, lessening the risk of CO 2 leakage or brine migration. Over time, as indicated in Figures 13.9a-c ,secondary trapping mechanisms will further reduce the risks of health, safety and environmental impacts.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.11 | (a) Location of existing CCS projects, including commercial projects, pilot tests, and demonstration projects. (b) Location of planned CCS projects, includingcommercial projects, pilot tests and demonstration projects (ES1). Source: courtesy of CO2CRC, 2011.As shown in Figure 13.11 , there are more than 280 pilot tests, demonstration projects, and commercial projects that are underway or in the planning stages. Most of these are small-scale pilot tests, supported by government-industry partnerships and designed primarily to gain experience with site selection and monitoring and to increase our understanding of the behavior of CO 2 in the subsurface. Launching a commercial scale storage project takes many years and in some cases a decade or more, as a result of the need to characterize the site, obtain injection permits, secure financing, drill wells, and manage all of the other components of these large-scale engineering endeavors. Several large projects, notably the Gorgon Project in Australia (3–4 MtCO 2 /yr), are under construction and are expected to begin operations in the next five years.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.11 | (a) Location of existing CCS projects, including commercial projects, pilot tests, and demonstration projects. Source: courtesy of CO2CRC, 2011.As shown in Figure 13.11 , there are more than 280 pilot tests, demonstration projects, and commercial projects that are underway or in the planning stages. Most of these are small-scale pilot tests, supported by government-industry partnerships and designed primarily to gain experience with site selection and monitoring and to increase our understanding of the behavior of CO 2 in the subsurface. Launching a commercial scale storage project takes many years and in some cases a decade or more, as a result of the need to characterize the site, obtain injection permits, secure financing, drill wells, and manage all of the other components of these large-scale engineering endeavors. Several large projects, notably the Gorgon Project in Australia (3–4 MtCO 2 /yr), are under construction and are expected to begin operations in the next five years.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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Figure 13.11 | (b) Location of planned CCS projects, includingcommercial projects, pilot tests and demonstration projects (ES1). Source: courtesy of CO2CRC, 2011.As shown in Figure 13.11 , there are more than 280 pilot tests, demonstration projects, and commercial projects that are underway or in the planning stages. Most of these are small-scale pilot tests, supported by government-industry partnerships and designed primarily to gain experience with site selection and monitoring and to increase our understanding of the behavior of CO 2 in the subsurface. Launching a commercial scale storage project takes many years and in some cases a decade or more, as a result of the need to characterize the site, obtain injection permits, secure financing, drill wells, and manage all of the other components of these large-scale engineering endeavors. Several large projects, notably the Gorgon Project in Australia (3–4 MtCO 2 /yr), are under construction and are expected to begin operations in the next five years.Benson, S. M., K. Bennaceur, P. Cook, J. Davison, H. de Coninck, K. Farhat, A. Ramirez, D. Simbeck, T. Surles, P. Verma and I. Wright, 2012: Chapter 13 - Carbon Capture and Storage. In Global Energy Assessment - Toward a Sustainable Future, International Institute for Applied Systems Analysis, Vienna, Austria and Cambridge University Press, Cambridge, UK and New York, NY, USA, pp. 993-1068.
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