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Overview

The conventional wisdom is that 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 mitigation of carbon dioxide (CO2) emissions at lowest cost (IPCC, 2014). If national-scale deployment of CCS is needed in the United States, it may be possible to store only a small fraction of the captured CO2 in oil and natural gas reservoirs (including as a result of CO2 stored in conjunction with utilization for enhanced oil recovery). The vast majority of the captured CO2 would have to be stored in brine-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 (maximum rate of injection), 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 storage capacities. Most current cost estimates for commercial-scale deployment of CCS estimate CO2 storage costs under assumed availability of a theoretical geologic capacity to store tens, hundreds, or even thousands of gigatons of CO2, without including the costs of the pressure management that will be necessary to make that storage capacity practically available. These assumptions often lead to considerable underestimation of the costs of CO2 storage (Anderson, 2017). We consider the potential impacts on CO2 storage capacity and costs of producing formation waters (brines) to manage pressure. Given that pressure limitations could constrain injection rates per well to be far below the design capacity of a typical CO2 injection well, brine production could possibly increase the efficiency of CO2 injection. We analyze the net costs of pressure management by producing brines. 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

Jahediesfanjani et al. (2017) developed a pressure-limited (dynamic) approach based on applying three-dimensional numerical reservoir simulation only on the effective injection area surrounding each injection well. The authors also coupled a stochastic analysis framework with the simulation model to account for existing geologic heterogeneity and other variations in reservoir properties. Then, they designed a CO2 injection pattern by populating the Mount Simon Sandstone storage assessment unit (SAU) with a series of simulated injection areas (cells) under a closed boundary assumption for each cell. 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 areal extent of deployment, and the duration of the injection period. The results of this analysis were used to estimate dynamic pressure-limited CO2 storage capacities (maximum pressure-limited injection rates) and the cumulative pressure-limited storage capacity for different combinations of the control variables. In this study, we introduce brine extraction into this simulation framework to be able to safely increase the pressure-limited injection rate. We then integrate baseline results from the National Energy Technology Laboratory (hereafter, NETL) (2017) CO2 Saline Storage Cost Model to estimate the annual costs under different scenarios for the number of wells and different requirements for the extraction, processing and disposal (or sale) of the produced waters.
Results
Assuming the most likely values of the geologic parameters for the Mount Simon Sandstone reported in USGS Data Series 774 (2013), our baseline result for the maximum pressure-limited injection rate without brine extraction was about 0.2 million metric tons per year (Mt/yr) of CO2 per well. The NETL (2017) used an estimated injection well capacity of about 1 Mt/yr of CO2. Assuming this is the designed injection capacity of a representative injection well in our model, our pressure-limited injection rate could be only about 20% of injection-well capacity. Our baseline case assumes an injection well spacing of 25 km x 25 km, which would allow deployment of about 230 injection wells across the entire Mount Simon Sandstone. If each of these wells were to inject at the pressure-limited injection rate, the dynamic storage capacity of the SAU could be about 50 Mt/yr CO2. The NETL (2015) reported an estimate of regional emissions of roughly about 300 Mt/yr in its Carbon Storage Atlas. Thus, our baseline estimate of the pressure-limited dynamic storage capacity of the Mount Simon Sandstone could accommodate only about 16% to 17% of regional emissions of CO2 per year. 
We also assumed 50 years of injection in our baseline case, and estimated the cumulative pressure-limited storage capacity in this case to be about 2,400 Mt CO2. In USGS Circular 1386 (2013), the mean estimate of the theoretical storage capacity in the Mount Simon Sandstone storage assessment unit (SAU) was about 94 billion metric tons of CO2. Without brine production, our results suggest that the pressure-limited capacity after 50 years of injection could be about 2.5% of this theoretical geologic storage capacity. Finally, we estimated the storage costs (independent of capture and transport costs) in the baseline case without brine extraction to be about $55 per metric ton (t) of stored CO2. For comparison, Rubin et al. (2015) reported some recent estimates of storage costs (without including the costs of any form of pressure management) in the United States of between $7 and $13 per t of stored CO2. 
After including brine extraction in the baseline scenario above, we could increase the injection rates to 1 Mt/yr of CO2 at each of the 230 injection wells without exceeding the limit on reservoir pressure buildup. This required extraction of about 15,000 barrels per day (bbl/day) of brines at each CO2 injection well site. If we assumed minimal processing of brines, pipeline transportation of the brines for reinjection in a formation that is adjacent to the Mount Simon Sandstone, and other low-cost assumptions, we found that the estimated value of injection efficiency gains (returns from increasing the scale of injection operations) could outweigh the added costs of brine production and disposal. However, if we assumed that a significant volume of the extracted brines needed to be treated for surface use, virtually no brine transportation pipelines, and costs of disposal at the higher end (about $7 per barrel of brines), then we found that the net storage costs could be about $60 (or more) per t of stored CO2. 
Thus, if enough brines to maximize the efficiency of each injection well are extracted, the storage capacity could be about 4–5 times higher with brine extraction than without. With this level of brine extraction, we found that the cumulative storage capacity in the baseline scenario was 12,400 Mt CO2, which is about 13% of the mean theoretical storage capacity in USGS Circular 1386 (2013), and the dynamic storage capacity across all 230 injection sites was about 250 Mt/yr CO2, which could accommodate about 80% of regional CO2 emissions per year. 
Conclusions

Our results suggest that a program to store about 80% of the current CO2 emissions of stationary sources in the region around the Mount Simon Sandstone might be feasible, but only if large volumes of brines are produced. The subsurface disposal of large volumes of produced waters can cause seismic events (NAS, 2013). Even our high brine disposal cost scenario may not include the full cost of mitigating the potential risks that could be caused by brine injection. If the costs of brine production, processing, and disposal are prohibitive, the physical constraint of pressure buildup in the storage reservoir could result in far more limited deployment of CCS. Whether storage operators will have to produce brines or reduce CO2 injection rates to manage pressure, policies to incentivize CCS that do not account for the costs of pressure management for CO2 storage could fall far short of expected outcomes. 
Our results also suggest that upfront investment in pipeline(s) to transport produced waters to disposal sites is likely necessary for the value of CO2 injection efficiency gains to outweigh the costs of brine production, transportation, and disposal. This and other project components that involve large sunk (capital) costs and relatively small variable costs allow significant increasing returns to scale. As the rate of brine production increases, the increase in costs of truck transportation of brines for disposal and other variable costs could be too great to allow net storage costs to decrease significantly as a result of increasing the scale of CO2 injection and brine production. If the pipeline investment costs are high enough, then the economics could favor extensive treatment of the brines to sell for (local) industrial or other uses, instead of transportation by truck for reinjection (disposal).
This study provides quantitative analysis of important tradeoffs that may arise if issues such as likely pressure-buildup, associated risks, and potential demand for CO2 storage in saline-filled formations are considered. Results from some cases we studied suggest that brine production could potentially lower the net costs of commercial-scale, pressure-limited storage in saline-filled reservoirs. In many cases, however, we found that brine production, processing, and disposal could increase CO2 storage costs significantly and perhaps prohibitively. 
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