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Overview
Nuclear power reactors, distinct from other types of electricity generating plants, continue to produce a significant amount of heat for an extended period after it is shut down. Therefore robust and diverse sources of electrical power supply to nuclear plant safety systems are required to ensure reliable reactor cooling, and the offsite electric power transmission grid is required by most safety regulators worldwide as the “preferred” source of electrical power for the majority of light water nuclear reactors currently under commercial operation. 
The recent Fukushima nuclear accident in Japan demonstrated how critical offsite electrical power supply is to nuclear plant safety. When the earthquake struck, Fukushima Daiichi nuclear plant immediately proceeded to emergency shutdown based on its seismic trip settings, with no significant damage to the reactors. The earthquake however impaired adjacent grid facilities and resulted in loss of all offsite electrical power to the plant. When the tsunami later flooded the plant, on-site emergency diesel generators were destroyed and the plant entered a condition known as Station Blackout, with a complete loss of all alternative current (AC) electrical power. Without electrical power to support the plant cooling functions, three reactor cores melted due to significant overheating, leading to some hydrogen explosions and releases of radioactive contamination to the environment. The prolonged unavailability of offsite electrical power and the failure of onsite emergency electric power systems were determined as the direct contributor to the reactor damages and release of radioactivity. 
This study examines the effects of electricity market restructuring on offsite grid reliability and nuclear plant safety in the U.S. Prior to market restructuring, generation, transmission and distribution of electricity are mainly operated by vertically integrated and regulated electric utilities that delivered services within given areas. Electricity market restructuring after mid 1990s encouraged non-utility independent power producers (IPPs) to compete for the bulk sale of power in competitive markets. Independent system operator (ISO) / Regional transmission organization (RTO) were also established to take over the operation of electric power grid, in order to ensure a non-discriminatory open access to the grid for non-utility IPPs and to manage wholesale electricity market. Based on transactions cleared in competitive markets, power plants are dispatched within a large unified system covering wide geographic regions. As a result, electricity was transmitted over a much longer distance with unprecedented volume, potentially creating unexpected or unanalyzed grid conditions beyond the original assumptions of the offsite grid in 1970s and 80s when current nuclear plants were built and licensed to operate. 
The NRC and the U.S. nuclear industries have both been concerned the possibility that unexpected grid problems after market restructuring would affect nuclear plants operation and safety. When nuclear reactors trip from full power due to grid faults, they enter an “upset” condition and safety systems are challenged, putting reactors in potential risk. The sudden reactor trip, in most cases often the single largest contingency faced by the transmission system operator, may deteriorate the transmission network condition or even collapse the entire grid that could lead to loss  of offsite power at nuclear plants, a precursor to Station Blackout and subsequently reactor core damage risk. Moreover, grid problems may also directly lead to loss of offsite power at nuclear plants.
This paper, to the author’s knowledge, is the first empirical research focusing on how market restructuring may affect offsite grid reliability and nuclear plant safety.



Methods
This paper focus on all the “grid events” that were submitted by 104 U.S. commercial power reactors to the NRC through Licensee Event Report (LER) system between 1990 and 2011. “Grid events” are defined as faults or problems that are initiated from the transmission grid and eventually proceed to either reactor trips or various forms of loss of offsite power at nuclear plants. As most reactors in the data have only experienced at most several grid events during the sample period, we employ a multi-failure Cox Proportional Hazard Regression that focus on the years elapsed for a reactor to encounter a grid event and analyze whether market restructuring increases the hazard rate or likelihood. The primary explanatory variable in our econometric specification, , is a time-varying binary indicator that takes value of one if the area that a reactor operates established  ISO/RTOs to take over the operation of transmission grid and manage an organized wholesale electricity market, and zero otherwise. The estimated hazard ratio associated to our  indicator, when greater than one and statistically significant, indicates an increasing likelihood of experiencing grid problems following market restructuring.
Results
This research finds strong and consistent evidence that the hazard ratio of experiencing grid problems that led to reactor trips or loss of offsite power has significantly increases after market restructuring. Furthermore, by analyzing the root causes of grid events in our data, we found that such increased risk was primarily caused by unanalyzed or unexpected grid disturbance due to changes in the manner that the transmission system is operated, but not due to grid problems associated with either transmission equipment failure or human error, lending no support to the concerns that electricity market restructuring may cause electric utilities to re-prioritize or reduce their capital investment, maintenance and manpower in transmission facilities. We also looked at the seasonal distribution of grid events in our data, and found that the risk of experiencing grid disturbance have significantly increased during summer months after market restructuring, consistent with the fact that transmission grid in general is more congested and under higher pressure during summer months when demand of electricity is at peak of the year.
Conclusions
[bookmark: _GoBack]By analyzing unit trips and loss of offsite power caused by grid problems between 1990 and 2011, this research finds that after market restructuring, nuclear reactors operated in competitive markets in average are exposed to higher risk of grid problems, comparing with nuclear reactors remain operated by vertically integrated utilities in traditional regulated regimes. 
Our study has several interesting policy implications. First, for nuclear power plants currently under commercial operation, the increasing likelihood of unit trips or loss of offsite power caused by grid problems represents a measurable risk to plant safety. Our results suggest that all operating reactors should incorporate the effects of market restructuring activities on the frequency of unit trips or loss of offsite power, and update their reactor core damage assessments accordingly. Some have also discussed the possibility that nuclear power plants should participate in automatic generation control (AGC) system to ride through grid transients without tripping the reactor. Nevertheless the NRC had been against this proposition because of the philosophy that reactor power shall be controlled only by the nuclear plant operator, and not by outside variables. Second, in terms of new full-size nuclear power plants, our results imply that grid capability/reliability may become one of key considerations and impediments to investments of new nuclear plants in competitive electricity markets. Lastly, our study also has important policy implication for the future development of Small Module Reactor (SMR), which has the advantage of grid-independence, providing an off-grid solution and to avoid vulnerability to the commercial electric power grid. 
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