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Overview

Widespread deployment of carbon capture and storage (CCS) is likely necessary to be able to satisfy baseload electricity demand, to maintain diversity in the energy mix, and to achieve climate and other objectives at the lowest cost. If all of the carbon dioxide (CO2) emissions from stationary sources (such as fossil-fuel burning power plants, and other industrial plants) in the United States needed to be captured and stored, it could be possible to store only a small fraction of this CO2 in oil and natural gas reservoirs, including as a result of CO2 utilization for enhanced oil recovery. The vast majority would have to be stored in saline-filled reservoirs (Dahowski et al., 2005). Given a lack of long-term commercial-scale CCS projects, there is considerable uncertainty in the risks, dynamic capacity, and their cost implications for geologic storage of CO2. Pressure buildup in the storage reservoir is expected to be a primary source of risk associated with CO2 storage, and could severely limit CO2 injection rates (dynamic storage capacities). Most cost estimates for commercial-scale deployment of CCS estimate CO2 storage costs under assumed availability of a theoretical capacity to store tens, hundreds, or even thousands of gigatons of CO2, without considering geologic heterogeneities, pressure limitations, or the time dimension. This could lead to underestimation of the costs of CO2 storage (Anderson, 2017). This paper considers the impacts of pressure limitations and geologic heterogeneity on the dynamic CO2 storage capacity and storage (injection) costs. In the U.S. Geological Survey (USGS)’s National Assessment of Geologic CO2 Storage Resources (USGS, 2013), the mean estimate of the theoretical storage capacity in the Mount Simon Sandstone was about 94 billion metric tons of CO2. However, our results suggest that the pressure-limited capacity after 50 years of injection could be only about 4% of the theoretical geologic storage capacity in this formation. Because this is far less than emissions of CO2 from stationary sources in the region around the Mount Simon Sandstone, the costs to accommodate the potential annual demand for CO2 storage in this formation could be significantly greater than current estimates. Our results could have implications for how long and to what extent decision makers can expect to be able to deploy CCS before transitioning to other low- or zero-carbon energy technologies.
Methods

We developed a pressure-limited (dynamic) approach based on applying three-dimensional numerical reservoir simulation only on the effective injection area surrounding each injection well. A stochastic analysis framework was coupled with the simulation model in order to account for existing geologic heterogeneity and other variations in reservoir properties. We designed a CO2 injection pattern by populating the Mount Simon Sandstone with a series of simulated injection areas (cells) under a closed boundary assumption for each cell (Jahediesfanjani et al., 2017). In the simulations, pressure buildup was never allowed to exceed 80% of reservoir fracture pressure, and pressure-limited CO2 storage capacity was defined as the maximum volume of CO2 that could be injected such that the limit on pressure buildup was achieved at or just after the end of the injection period. The controls for the simulations were the spacing of the injection wells, the region of deployment, and the duration of the injection period. The results of this analysis were used to estimate dynamic pressure-limited CO2 storage capacities (pressure-limited injection rates) and the cumulative pressure-limited storage capacity of this formation for different combinations of the control variables. We integrated baseline results from version 2.1 of the National Energy Technology Laboratory (NETL)’s Saline Storage Cost Model (NETL, 2014) in order to estimate the annual costs under different scenarios for the duration of the injection period and the number of injection wells. We also analyzed the storage capacity and cost impacts of only deploying injection wells in the areas of the Mount Simon Sandstone where there could be the greatest potential CO2 storage capacity, according to a mapping of overlaying rasters of the key geologic parameters (including the depth, permeability, porosity, and thickness of the storage reservoir).
Results
When the most likely values of the geologic parameters assessed by the USGS (2013) for the Mount Simon Sandstone were used for our simulation, the results for the pressure-limited rate of injection was never greater than 75 million metric tons per year (Mt/yr) of CO2, and that rate was only achieved by deploying over 1400 injection wells. In addition, the estimated storage costs (per metric ton [t] of CO2) were between about $50 and $120 per t of stored CO2, even when the number of injection wells was far fewer (between about 120 and 360). 
We also studied cases using slightly less conservative values of the geologic parameters for the simulation. This second set of parameter estimates were still within the probabilistic ranges estimated by the USGS, but more similar to values assumed elsewhere in the literature on CO2 storage in saline formations and the Mount Simon Sandstone (e.g., Zhou et al. 2010). Given these parameter values, the simulation results indicated that: (1) approximately 145 Mt/yr of CO2 could be injected without exceeding the pressure limit (during 50 years of injection), (2) about 230 injection wells would be required to achieve this total injection rate, and (3) the storage costs in this case could be slightly greater than $22 per t of stored CO2 (in real U.S. dollars). For comparison, recent estimates of storage costs in the literature have been between $7 and $13 per t of stored CO2 (in 2013 U.S. dollars) (Rubin et al., 2015).
Still using this second set of estimates of the geologic parameters, the simulation predicted that an injection rate of about 200 Mt/yr could be maintained over 50 years with about 640 wells simultaneously injecting CO2 into the entire Mount Simon Formation at an estimated cost of just over $45 per t of stored CO2. However, this might only accommodate about 2/3 of potential demand. The NETL estimated regional emissions to be about 300 Mt/yr of CO2 in 2014 in its Carbon Storage Atlas V (NETL, 2015). 
Again using the less conservative estimated values of the geologic parameters, we were able to simulate conditions under which the potential regional demand for CO2 storage could be accommodated. With the same number of wells (640), an injection rate of about 300 Mt/yr of CO2 could be sustained for about 25 years before reservoir pressure built up to the pressure limit, and the cost was slightly above $42 per t of stored CO2. In addition, injecting at the higher rate resulted in cumulative storage (after 25 years) of about 7.3 billion metric tons (Bt) of CO2 compared to cumulative storage of about 10 Bt of CO2 after 50 years of injecting at 2/3 that rate. 
We used the most likely values of the geologic parameters (as assessed by the USGS, 2013) to determine the areas of the Mount Simon Sandstone that could have the greatest potential for CO2 storage. These simulation results ranged from predicting a pressure-limited injection rate of about 20 Mt/yr of CO2 over 50 years deploying just 16 injection wells in locations with the greatest potential to about 50 Mt/yr of CO2 deploying about 75 wells (including into areas with somewhat less injectivity). The estimated cost of deploying just the 16 injection wells was about $12 per t of stored CO2, and it was about $21 per t of stored CO2 if 75 wells were used.
Conclusions

This study has provided quantitative analysis of important tradeoffs that may arise if issues such as likely pressure-buildup, associated risks, and accommodating potential demand for CO2 storage in saline-filled formations are considered. Even under pressure limitations, our simulations suggest that a program to store all of the current CO2 emissions of stationary sources near the Mount Simon Sandstone might be feasible, but only sustainable for a period of about 25 years (or less). That is, just deployment of CCS by itself could probably not eliminate all of the CO2 emissions from stationary sources in the region for 50 to 100 years. More limited deployment of CCS (including storage in the areas of the Mount Simon Sandstone that appear to the most geologically promising) could probably contribute toward a significant reduction of CO2 emissions in this region (near the lower end of estimated storage costs), and possibly ease a transition to other low- or zero-carbon energy technologies.

An important alternative to manage pressure buildup during CO2 storage in saline-filled reservoirs is by extracting brines. If more than just discharge or reinjection of the brines is involved, however, Harto and Veil (2011) have estimated that these types of pressure-management costs could range from $14 to more than $60 per t of stored CO2. Thus, the estimated costs for this method of overcoming the physical constraints of pressure buildup are roughly the same order of magnitude as the cost estimates presented here for doing this through controlling injection rates and the number of injection wells. In either case, mitigation of pressure buildup (and associated risks) will likely increase the costs of storing CO2 in saline-filled reservoirs significantly above the estimated costs of storing CO2 in those same reservoirs under an assumption that the unconstrained theoretical storage capacity is practically available.
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