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Overview

Large industrial point sources of carbon are likely to be included in any future comprehensive climate regulation scheme, but analysis of carbon capture and sequestration has largely focused on fossil-fired power plants. This paper reports on an ongoing interdisciplinary collaboration between universities and a national laboratory focused on technical and economic assessment of long-term sequestration of industrial carbon in depleted shale-gas reservoirs. Our particular analysis blends network economics with petroleum engineering to simulate the transportation and long-term storage of carbon dioxide from industrial point sources in shale-gas producing areas. Our model is currently focused on the Mid-Atlantic region of the United States (assessing storage in the Marcellus shale formation specifically), but the approach could be extended to other regions or to cross-regional transportation of industrial carbon.
Methodology
The model integrates pipeline transportation and injection modules with a surrogate reservoir model (SRM) developed for the Marcellus Shale formation in Northeastern and Southwestern Pennsylvania.  We calibrate this model using data on well locations from the Pennsylvania Department of Environmental Protection and data on industrial CO2 point sources from the US EPA. The model endogenously optimizes network structures (topology, pipeline diameters and pumping or compression infrastructure) given information on CO2 flow rate, source-sink distances, and assumed pressure drop. Based on wellhead pressures over time from the SRM, the injection module calculates the time profile of pumping costs.  In turn, these operating expenditures together with estimates of capital costs support the calculation of the “levelized cost” of CO2 transportation and storage from industrial point sources in shale-gas reservoirs. The model uses Monte Carlo methods to generate robust estimates given uncertainty over pumping costs, transportation distance, and other input variables.  A schematic of the model is shown in figure 1.
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Figure 1: Inputs and outputs of the network economics model
Depending on the configuration and proximity of laterals on a single well pad (and the configuration of fractures in each of the neighboring laterals), it may be possible to utilize industrial carbon for enhanced gas recovery from tight shales. The integrated engineering and economic model also calculates the fraction of methane to carbon dioxide in any produced gas over the relevant time horizon for injection.
Results

Estimates from the model to date suggest that, when amortized over a 30-year time frame, the levelized cost of transportation and storage of industrial carbon in depleted shale-gas reservoirs in the Mid-Atlantic region of the U.S. would be relatively low. As with the sequestration of carbon from fossil-fired power generation stations, capture appears to be the largest contributor to life-cycle costs.  The transportation, injection and monitoring phases of the sequestration life cycle amount to $5 to $10 per per metric ton of carbon dioxide.  This figure assumes that shale-gas wells are treated as EPA Class II injection wells (similarly to how enhanced oil recovery is treated) once injection of CO2 begins. If sequestration of CO2 in depleted shale-gas reservoirs were to be treated as EPA Class VI injection wells (dedicated long-term CO2 storage), the post-injection site care and monitoring costs in particular may be substantially larger. We estimate the magnitude of economies of scale in industrial CO2 transportation and find that transportation costs could be reduced by between 30% to an order of magnitude by matching multiple sources and sinks, depending on the location and the minimizing source-sink distances. Net revenues from any produced gas are unlikely to entirely pay for the transportation and injection project, except in cases where economies of scale are particularly favorable.
Conclusions

The costs of transporting and storing industrial carbon in depleted shale-gas reservoirs are relatively low, although our analysis does not explicitly account for costs of capture at the industrial site. Even so, our analysis suggests that coordination among industrial point sources when building out carbon pipeline infrastructure would be necessary to reduce costs. Whether such coordination would optimally occur at a regional, state or sub-state level is not entirely clear, as would be the role of the state in facilitating or encouraging coordination among industrial carbon emitters. An additional fruitful area for research concerns optimal injection and enhanced gas production rates over time.
