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Overview
[bookmark: _GoBack]Electricity production from natural gas results in lower direct emissions of CO2 than production from coal due to its lower carbon content per unit of energy and the higher efficiency of natural gas power plants. But upstream methane emissions from the extraction, processing, and transportation of natural gas erode some of the life cycle greenhouse gas (GHG) emissions savings. Uncertainty about the magnitude of upstream emissions makes it difficult to determine the relative climate impacts of electricity production from each fuel. These methane emissions become more important if carbon capture and storage (CCS) is implemented at the power plant; more natural gas is needed to power the CCS equipment, and the upstream methane becomes a larger portion of the life cycle GHG emissions. Given that most of the representative concentration pathways (RCPs) modeled for the IPCC Fifth Assessment Report (AR5) include power from coal or natural gas with CCS, it is important to understand the relative climate impacts of the full life cycle for each system. We model the radiative forcing and cumulative forcing from 1 GW each of new coal and natural gas fired power generation. CCS is either implemented at the beginning of plant operations or added on 20 years after operations begin. As an additional case, a coal power plant with 16% capture to achieve an emissions target of 1,400 lbs/MWh is compared with uncaptured natural gas power. Methane emissions corresponding to a leakage rate between 1% and 5% are considered for natural gas power generation. These leakage rates are either held constant or reduced over time. 
Methods
All fuel extraction emissions and power plant performance data are from published National Energy Technology Laboratory (NETL) data and reports. Using a relationship between methane and CO2 from different scenarios, CO2 emissions are scaled to match each methane emission scenario. 

The radiative forcing calculation relies on parameters and impulse response function (IRF) equations from the IPPC AR5 report. Annual emissions depend on the life cycle inventory for each scenario and form an emission function over time. An IRF for each GHG determines how quickly emissions from a single year decay from the atmosphere. The convolution of the emission function and the IRF gives the total mass of emissions in the atmosphere over time. Multiplying the convolution by the radiative efficiency of the GHG results in the radiative of forcing of the emissions at year t: 
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where  is the emission function,  is the IRF for each GHG, and RE is its radiative efficiency. We further include the indirect effects of methane emissions. These include the decay of methane to CO2, and additional CO2 emissions from carbon-climate feedbacks. 

Results
Earlier deployment of CCS leads to lower radiative forcing across both technologies and all methane emissions rates for all time frames. Upstream methane and carbon dioxide emissions from the additional fuel needed to operate the CCS equipment is not enough to outweigh the benefits of deploying CCS at the beginning of the plants’s operating lives. 

NGCC with CCS and a methane emissions rate at or below 2.4% always leads to lower forcing than advanced coal with CCS if both technologies start capturing CO2 at the same time. A delay in CCS always leads to a larger increase in forcing for the SCPC.

Reducing the methane emissions rate over time in natural gas plants that start with CCS decreases the peak forcing by up to 45% compared to a natural gas plant with a constant methane emissions rate. 

A SCPC power plant that starts with CCS has lower forcing than a NGCC without CCS over all time frames and methane emissions rates, even if there are reductions in the methane emissions rate. If CCS implementation on the SCPC is delayed by 20 years, the SCPC will lead to higher forcing for a period of time – the length depends on the methane emissions rate – but will always end with lower forcing. The lower forcing from SCPC plants with CCS is a result of lower CO2 emissions than a NGCC without CCS. Lower forcing several decades after power plant operations have ended implies lower cumulative CO2 emitted to the atmosphere.


Conclusions
Natural gas methane emission rates are important, and reducing them has an almost immediate change on the forcing of the NGCC systems. Long term forcing is almost independent of the starting emission rate if it is reduced within 10 years. 

Coal plants that meet the new EPA regulation of 1,400 lb CO2/MWh lead to greater climate impacts than advanced natural gas power plants without CCS. The only cases where coal power will lead to lower climate impacts (either forcing or cumulative forcing) are when CCS is implemented at the start of power generation and methane emissions from natural gas extraction are over 2.4% over all time periods. If CCS is delayed by an equal amount of time for both power plant types, methane emission rates must be higher than 4% over all time periods for the SCPC to have lower forcing or cumulative forcing.
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