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Overview

In this paper we run a set of energy-economic scenarios under a GHG emission reduction constraint, and look for robust findings. We look at combinations of high and lower gas shale production, and reference and higher electricity demand growth. The gas shale scenarios are roughly consistent with the EIA High and Reference side cases in the AEO 2011. Reference electricity demand growth is about 0.9% per year, similar to AEO 2011. Higher demand growth focuses on more electrification, particularly in transportation with penetration of plug-in hybrid and all-electric vehicles. We assume a CO2 emissions reduction goal of 50% by 2050, although the emission path does not decline linearly, since it takes time for low-emissions technologies to penetrate the capital stock. The U.S. DOE has a significant research, development, and demonstration program in carbon capture and storage (CCS) aimed at reducing cost and speeding deployment. We assume that costs of carbon capture (including parasitic electric losses) decline after year 2020. Our scenario results show a need for retrofitting existing plants with carbon capture and storage (CCS), under a wide range of conditions. 
Methods

We run the scenarios using the All Modular Integrated Growth Assessment (AMIGA) System (see Shelby et.al.). We use a general equilibrium model to analyze CCS because evaluating which measures are most cost effective requires prices and endogenous technology advances that arise in the general equilibrium solution path. The AMIGA system consists of four interconnected models. The Resource Supply and Production model includes coal, biomass, crude oils, and natural gas. These dynamic supply functions are sensitive to production rates, technical progress in extraction, and ultimate recovery. The AMIGA economic model provides demand for transportation and energy services. A great deal of detail is included on the transportation side, including many vehicle drive trains and sizes. 
The Macro Analysis of Refining Sytems (MARS model) simulates the processing of biomass and crude oils of different characteristics, and includes twenty-six processes such as hydrocracking, coking, and steam methane reforming. The MARS model allows us to calculate oil imports, as a metric for energy security. 

The Electric Capacity and Generation model contains twenty-one technologies. Existing pulverized coal (PC) steam units are sorted in the order of highest return on invested capital, if the unit were to be retrofitted. The model then decides in each year how many more PC units to retrofit with CO2 capture.
Units are dispatched in order of least variable costs including the opportunity cost of having to buy CO2 allowances. Baseload units include nuclear units, new coal technology units, non-dispatched end use electric generators (including combined heat and power). Wind and solar are intermittent sources. Further, wind (unfortunately) has more output occurring during low-value base load hours and less output during high valued peak load hours. Existing PC units with higher heat rates and higher variable costs are stacked next on the remaining portion of baseload and into the intermediate shoulder load. As capacity factors drop off, units stop operating and shoulder load natural gas combined cycle (NGCC) units are dispatched, followed by combustion turbines to meet the peak power hours. 
As representative results, PC units that have been refurbished and retrofitted with CO2 capture, hence having lower variable CO2 allowance costs, are dispatched with a capacity factor of about 66%.  Existing PC units which have not been retrofitted average about 55% capacity factor. The 11% points increase in hours of operation significantly improves the economics of retrofitting an existing coal plant.

Results

Our scenario simulations predicted an unanticipated result: The need to retrofit the majority of existing PC plants with CO2 capture is a robust finding across all of the scenarios considered. Studies have shown that about 350 PC units (the newer, bigger, more efficient, and with more pollution control) would be suitable for retrofit. The remainder would continue to operate for a period until they become unprofitable compared with natural gas combined cycle (including a penalty for CO2 emissions). 
The 350 retrofitable units represent a limited asset class with a marginal abatement cost function for CO2 emission reduction. In all our scenarios, the least-cost solution fully exploits the CO2 reduction potential from all those existing units as part of the measures for achieving a 50% CO2 emission reduction by 2050. 
To be more specific, we compare two scenarios, the lower shale gas scenario and the high shale gas scenario. With more economic gas available, other electric generation sources are displaced on the margin by natural gas combined cycle. Some of these displaced sources result in lower CO2 emissions (i.e., displacing older, less efficient PC plants ready to retire) and some displaced sources result in raising CO2 emissions (i.e., displacing renewables, nuclear, and IGCC with CCS), overall roughly balancing out. To get the same CO2 reduction in each gas availability scenario then requires about the same amount of PC unit retrofits.
Conclusions

Over the next forty years, the world needs to fill a transition period with electricity supply sources which can get significant CO2 reductions, while buying time for a new generation of low-carbon technologies post 2050 (advanced solar technologies, fourth generation nuclear reactors, advanced biofuels, advanced coal technologies with  capture, and advanced energy storage technologies). During this roughly forty years, we will need extensive R&D, lab and bench scale work, subscale commercial demonstration, and a significant period of substidized manufacturing and construction of new technologies. Then the market can construct capacity over time, with build-up rates constrained by intial higher costs, risk aversion, access to capital for investments, and common preferences to be an industry follower, waiting for more experience and learning.
The challenge in the next forty years then is to figure out a feasible and affordable strategy, first to bring down GHG emissions by modest amounts, leading to possibly 50% by 2050. The challenges include an aging existing nuclear fleet, a large fleet of existing pulverized coal power plants in need of retrofit for CO2 capture, development of regulations for CO2 pipelines and sequestration sites, high cost of advanced coal technologies with CCS, siting limitations where wind is most economic, high costs of current solar technologies, and limited availability of biomass and expensive conversion processes. Natural gas will need to play an important role, and this role is highlighted in our scenario simulations. But also the incremental improvements in currently available technologies and retrofitting of existing PC plants will need to play  major roles.
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