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Overview

Given a lack of long-term commercial-scale carbon capture and storage (CCS) projects, there is a great deal of uncertainty in the risks, liability, and their cost implications for geologic storage of carbon dioxide (CO2). The probability of leakage risk and/or the risk of induced seismicity could be remote, but the volume of geologic CO2 storage (GCS) projected to be necessary to have a significant impact on CO2 concentrations in the atmosphere is far greater than that which has been injected as of this time. National-level estimates of the technically accessible CO2 storage resource (TASR) onshore in the United States are on the order of thousands of gigatons of CO2 storage capacity, but such estimates generally do not consider any pressure management issues or dynamic contingencies. Pressure buildup in the storage reservoir is expected to be a primary source of risk associated with CO2 storage, and only a fraction of the theoretical TASR might be practically available unless the storage operator extracts the saltwater brines and other formation fluids that are already present in the geologic pore space targeted for CO2 storage. Institutions, legislation and processes to manage the risk, liability, and economic issues with CO2 storage in the United States are beginning to emerge, but will need to progress further in order to allow a commercial-scale CO2 storage industry to develop. The combination of economic tradeoffs, definitions of property rights, liability issues, and risk considerations suggests that CO2 storage offshore of the United States may be more feasible than onshore.
Methods

This presentation is a non-technical review of current and ongoing issues with development of a CO2-storage industry in the United States that could delay or even prohibit country-wide deployment of commercial-scale CCS projects. In it, there is a summary of results from the recent literature that give some indication of the potential risks, liability and economic issues with injecting large volumes of CO2 into the deep subsurface. This includes a taxonomy of the potential risks of geologic storage of CO2, which breaks down the risks according to potential mechanisms, failure modes, impacts, mitigation possibilities, entities likely to be at risk, and remediation options. Reservoir pressure buildup as a result of CO2 injection could be the primary source of risk, and production of formation fluids is a very important method to manage reservoir pressure. A representative range of recent cost estimates for national-level CO2 storage are compared to what the costs would be if brines have to be extracted, processed, and disposed of. A few recent studies of how pore-space rights to store CO2 could be determined and what the liability rules for this nascent industry could look like are reviewed. Given the inherent uncertainties and potential risks, the relative merits of offshore vs. onshore storage of CO2 in the United States are considered, and future research needs are described.
Results (Findings)
Assessments of geologic CO2 storage capacity at the national (or higher) level generally assume that any risks will be controlled through reservoir pressure management or other risk-mitigation methods. At the same time, however, current estimates of the costs of CO2 storage do not generally include costs of reservoir pressure management. In particular, storage cost studies do not include estimated costs of the production of geologic formation fluids (such as brines), which could account for the vast majority of the costs of reservoir pressure management. Yet, reservoir pressure management could be critical to mitigation of most of the potential risks of large-scale CO2 storage, and be essential to the viability of geologic storage as an option to mitigate CO2 concentrations in the atmosphere. The two main risk-mitigation methods that are suggested in the literature are the “traffic light approach” to govern the rate of injection of CO2, and extraction of formation fluids to control pressure buildup in the storage reservoir. 
Thus far, the probabilities of leakage or the risk of induced seismicity as a result of CO2 storage have been estimated to be extremely low. However, risk estimates specific to geologic CO2 storage are limited, especially with respect to estimating the risk of induced seismicity. The few risk estimates that exist for storage of large volumes of CO2 are mostly based on computer simulations, laboratory experiments, and inferences from imperfect analogues. The volumes of CO2 injected in the few commercial-scale storage projects in the world are still very small when compared to the volume of CO2 expected to be injected if CCS is fully deployed as part of a strategy to mitigate human contributions to climate change. There is a great deal of uncertainty in estimates of the probabilities of risk that could be associated with CO2 storage. There have not been any significant induced seismic events directly associated with injection of pure CO2, and there is uncertainty concerning the potential likelihood and magnitude of any induced seismicity that might result from injection of CO2 into the deep subsurface. Geologic systems are inherently heterogeneous, and (historical) data is scarce, especially for CO2 storage in deep saline-filled formations where there has been limited (if any) exploration and production of hydrocarbons. So, there is substantial uncertainty concerning potential leakage pathways, stress fields, fault (fracture) locations and properties, abandoned well locations and leakage properties, and other reservoir characteristics.
Currently in the United States, rules and institutions that are necessary for a commercial-scale CO2 storage industry to develop are emerging, including the U.S. Environmental Protection Agency’s Class VI permitting rules under its Underground Injection Control program and Subpart RR rule through its Greenhouse Gas Reporting program. Long-term liabilities for CO2 stored underground for hundreds of years (or more) are not clear. Even if they exist, rules for when, whether, or to which government agency or other institution the financial responsibility for liabilities might be transferred are not consistent. In particular, legal definitions, case histories, and institutions appear to be lacking in the area of determining liability for seismic events that might be induced by CO2 storage activities. There is also considerable legal and regulatory uncertainty concerning reservoir pore-space and associated property rights for CO2 storage. This is especially true when valuable minerals or other commodities are not present in economic concentrations in the pore space targeted to be occupied with CO2, and when considering the pore-space within the area of pressure buildup or migration of CO2 and displaced formation fluids.
Conclusions 
It is critical that decision makers consider total costs for all potential greenhouse gas (GHG) mitigation options that are technically feasible, including consistent consideration of the associated risks, liabilities, and economic issues. If policy makers can compare potential GHG mitigation options on a consistent basis, including consideration of the risks, CCS could be a desirable option. CCS could also be indispensable for reducing CO2 concentrations in the atmosphere, especially if economies need to continue to use fossil fuels to meet a significant proportion of their energy demands. However, it will also be critical to obtain better estimates of the probable costs for active risk management and/or of risk-adjusted CO2 storage capacity in cases where risk mitigation is not feasible. Without reasonable assurances regarding the practical availability of extensive geologic storage capacity, limitations on liability for potential risks of CO2 storage, and better constrained cost estimates (including the expected costs of risk mitigation), there may not be sufficient private investment in CCS to meet public goals for reductions of atmospheric CO2.
It will be necessary to build flexibility into the transportation networks of CCS projects, so that a CO2 industrial source can more easily store captured CO2 in alternative sinks if it discovers risks with the original storage site that exceed acceptable levels. The additional costs of building in such flexibility or active pressure management to mitigate the potential risks that could be associated with geologic storage of CO2 have generally not been included in basin- or higher-level estimates of the costs of CO2 (transportation and) storage. This could be partly owing to an expectation that penalties for venting CO2 will not be high enough for storage operators to choose more costly methods of risk mitigation. If the institutions and regulations are not developed to enforce a significant penalty for venting CO2, then stopping CO2 injection (according to a traffic-light strategy) and venting the (captured) CO2 will likely be a least-cost strategy to mitigate potential risks of CO2 storage in many cases. Better institutions and legislation must still be developed, and they must be designed to handle post-injection issues of CO2 storage sites that could last for hundreds of years (or more), including issues with risk, liability, pore-space rights, property ownership, economic incentives, and public awareness and support. 
If these issues remain unaltered, geologic CO2 storage offshore could be much more appealing than onshore. Some of the most important reasons to suspect that this could be the case are that one entity (the Government) owns most of the pore-space and associated property rights, density of human populations is generally absent, and the risk of contamination of fresh water sources (that are used by humans) could be much lower for offshore geologic storage of CO2. However, the results of on-going offshore CO2 storage assessments for the United States were not available at the time of this report.
