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Overview
California policy makers are increasing the state’s environmental goals, committing to both reduce greenhouse gas emissions and increase the state’s reliance on renewable energy.  By 2020, the state aims to reduce greenhouse gas (GHG) emissions back to 1990 levels, and to obtain at least 33% of retail electricity sales from renewable energy [1, 2].  Moreover, California’s  Executive Order S-3-05 sets a long-term goal of reducing GHG emissions 80% below the 1990 level by 2050 [3].  
Achieving these goals will require GHG reductions from nearly all sectors of California’s economy.  We find that there are three requirements to achieving the 2050 goal; (1) sustained, high levels of energy efficiency (2) widespread displacement of fossil fuel use in the transportation sector, and (3) low-carbon electricity generation.  To meet the 2050 goals, the state’s fossil-fuel based generation fleet must be nearly replaced with low-carbon generation.  In addition, the state’s current reliance on natural gas as its lynchpin dispatchable resource must be replaced by a lower carbon resource, if the long-term GHG reduction targets are to be met. We find that low-carbon energy storage and/or low-carbon dispatchable generation will be necessary to maintain an operable electric grid while meeting GHG reduction targets.    
Methods
We use the results of a simple model of California’s energy demand and GHG emissions through 2050.  The model was developed by Energy and Environmental Economics, Inc. (E3), and was commissioned as an independent analysis by Hydrogen Energy International, a joint venture between British Petroleum and Rio Tinto.  The model’s key inputs include a forecast of California state population, economic growth by sector, and historic energy demand by sector. The model’s baseline 1990 and 2020 emissions forecast is consistent with the California Air Resource’s Board 1990 California emissions inventory and its 2020 forecast of the state’s business-as-usual emissions trajectory.  

The model includes an investment stock roll-over component in the residential, commercial and transportation sectors. The stock roll-over component generates realistic technology penetration trends and GHG emissions trajectories. The spreadsheet-based model is transparent, though admittedly less sophisticated than a computable general equilibrium model.  It accepts policy decisions and technology choices as input assumptions to find cost, GHG emissions and electric supply and demand, consistent with those assumptions.  
To develop scenarios of energy use and GHG emissions that are consistent with the 2050 goals, we apply aggressive efficiency improvements in all sectors and assume significant electrification in the transportation sector.  Next, focusing on the choice of the electricity generation mix in California, we analyze three cases for reaching the 2050 GHG target in the electricity sector: (1) high renewable energy; (2) high nuclear power and renewable energy; and (3) high natural gas with CCS and renewable energy.  The development of each case is constrained by reality checks on the operability of the electric system.  First, energy demand in each of four time-of-use periods must match energy supply. Second, peak capacity demands must be less than or equal to capacity supply, including a reserve margin. Third, system balancing needs must be met.  The model uses a rough approximation to simulate system balancing requirements such that flexible generation resources, including hydropower, natural gas generation and/or gas with CCS must be available to balance a given level of intermittent supply and demand. 
A simple “learning-by-doing” technology cost reduction assumption is applied to emerging technologies in the electricity sector: technology costs decrease as global installed capacity increases.  Mature generation technologies such as natural gas fired combustion turbines and nuclear technologies are assumed to be mature, with little to no “learning by doing” cost reduction potential.  
Results
We find that each of the three 2050 cases: (1) high renewable energy; (2) high nuclear power and renewable energy; and (3) high generation with CCS and renewable energy, are feasible, in that there is sufficient resource potential of each generation type to meet future electric demand. The key difference between these cases is the operability characteristics of each: 

· The high renewable energy case is dominated by solar and wind, consistent with the state’s resource potential.  In the high renewables case, large amounts of solar energy help ensure that peak capacity needs are met.  However, neither wind nor solar power provide baseload or dispatchable generation.  Thus, we find that this case must include significant energy storage and additional low-carbon, baseload generation to ensure grid operability.  
· The high nuclear power and renewable energy case represents a largely baseload resource mix. Nuclear energy is not readily dispatchable, nor is it suited to meet peak demand.  Solar energy helps meet peak demand in this case, but does not provide a dispatchable resource. This case must be supplemented with additional energy storage and dispatchable resources to ensure grid reliability. 
· The high generation with CCS and renewable energy case provides both baseload and dispatchable generation.  Natural gas with CCS could operate as an entirely dispatchable resource, helping to integrate the solar and wind energy component of the generation mix. This case requires the least high-cost energy storage and additional dispatchable generation to ensure grid operability. 
In any of the three cases, if conventional natural gas generation is used as the backstop dispatchable resource, the 2050 GHG reduction target becomes very difficult to meet. Four low-carbon approaches can be used in combination to help meet the need for dispatchable generation in 2050: (1) controlled charging of electric vehicles; (2) active control of other end-uses ('smart grid'); (3) utility-scale energy storage (e.g., renewables-based pumped hydro, batteries, compressed air, etc.) or, (4) natural gas generation with CCS.  Natural gas with CCS looks attractive because it is a dispatchable resource that does not rely on customer participation like “smart grid” and controlled charging of electric vehicles.  

Conclusions

California, as well as other states and countries, are aiming to achieve deep cuts in greenhouse gas emissions by 2050.  These ambitious targets make it necessary to invest in infrastructure today with the long-term GHG goal in mind. More investment and research and development efforts are needed into technologies that will provide low-carbon, dispatchable and load-following generation. Such resources will be crucial to ensuring a viable generation mix that is compliant with 2050 emission reduction goals. 
Of the three low-carbon generation cases identified (renewables, nuclear and CCS), California is currently only investing heavily in renewable energy development.  The development of new nuclear energy in California is currently prohibited under 1976 legislative statutes, until a permanent federal repository for waste is operational. The state has begun to research the potential for CCS in California, but has not yet undertaken any demonstration projects.  However, the longer we delay investing in CCS, opportunities to bring down future CCS cost through “learning by doing” may be lost [4].  Perhaps more importantly, California could benefit by jumpstarting its efforts towards CCS project permitting, construction, and CO2 storage validation, which could each involve long lead-times.  By investing early in CCS development, California could capitalize on technology innovation and “learning-by doing” of developing a technology which is likely to prove crucial to meeting long-term emission reduction strategies.
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