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PREFACE

The ARIES Team is currently engaged in a study of the pathways to commercial fusion energy, including characterization of facilities and R&D needs from the present time to a demonstration power plant.  In order to explore the issues and R&D needs in detail, three Technical Working Groups were formed:  Power Management, Tritium Management, and Operations.  This report contains interim results of the ARIES Power Management Technical Working Group.

The intended audience of this document includes decision makers from government and the US fusion community, as well as scientists and designers engaged in the more detailed aspects of R&D definition and execution.  The role of this activity can be understood by referring to Fig. 1.  Top-level goals for fusion energy are provided by the customer, represented in ARIES by the Industrial Advisory Committee.  The working groups must translate the high-level customer-oriented inputs into technical goals that can then be used to determine research priorities.  It is not our intent to provide a comprehensive list of specific experiments or modeling activities, but rather to characterize the top-level challenges for the production of energy from fusion and the needed lines of R&D that will be required for successful development of fusion energy.
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Figure 1.  ARIES program logic and the role of the technical working groups

I. INTRODUCTION

Fusion energy offers an abundant, safe and environmentally attractive source of energy for all of mankind.  However, it must be demonstrated that a fusion power facility can controllably harness that power with a high degree of reliability at an affordable operational cost.  All the key features of an advanced electrical power plant must be demonstrated as well as those unique features applicable to magnetic fusion energy.  Handling of the radioactive tritium fuel is one of the key technologies to be demonstrated as well as the unique challenges of power handling involving high energy neutrons, alpha particles and very high heat fluxes. This section of the report focuses on the unique plant operations associated with a magnetic fusion energy electrical power plant.  Plant operations are defined to be 1) the routine day-to-day operations associated with operating a fusion power plant, 2) off-line maintenance, repair, waste treatment, waste disposal and other routine housekeeping activities during normal operations, 3) major power core refurbishment that is coincident with other plant refurbishment of major equipment, 4) minor scheduled maintenance actions that would cause the plant to be shutdown, and 5) unscheduled major and minor maintenance actions. 

In this report, we assess the research and development needed to commercialize fusion energy.  The term “Demo” in the United States has traditionally been used to denote the first commercial application of fusion, in which economic power production is a primary goal, and the cost of construction and operation is borne in some measure by the private sector and/or electric rate payers.  Therefore, we employ Demo as a tangible embodiment of the goal of commercializing fusion energy.  Conceptual fusion power plants have been extensively examined for several decades. Magnetic (and inertial) power plants are generally thought to be very capital cost intensive, hence they must produce greater than 1 GWe net to be competitive with other electrical producing plants. The plant size being considered will be equal to or greater than 1 GWe net.  

ITER plays a critical role in the development of fusion energy, and contributes valuable information on most of the elements of a burning fusion facility.  Physically, ITER is similar in scale to a fusion power plant being considered,  However, ITER is not designed as a power-producing plant, and lacks many essential features of an attractive power plant, such as steady-state operation, high thermal efficiency power conversion, low-activation materials in the power core, highly efficient maintenance of life limited components, use of many life-of-plant power core components, use of commercial power systems, and validated plant operations and maintenance equipment/procedures (this list may not be complete).  Even the blanket test modules, which themselves are designed to be prototypical of a commercial power plant, will be operated only for very short periods of time under conditions and constraints that prevent the thorough testing of nuclear components and systems.

The challenge of demonstration of commercial fusion hardware systems is exacerbated by the current absence of test facilities that can reproduce conditions that are prototypical of a fusion power plant facility.  Therefore, an R&D program must be designed carefully and executed in a manner that provides a high degree of confidence (low risk) in the operation, lifetime, and reliability of nuclear components and systems in future fusion devices.  The licensability of fusion facilities will depend on our ability to ensure safe and predictable performance of all of the systems involved in power generation.

There exists a general international consensus that in order to build and license a demonstration power plant, one or more facilities in addition to ITER will be needed – either in parallel or sequential with ITER.  It may not be necessary to wait for the completion of ITER operations in order to proceed with the design and construction of these additional facilities.  The timescale for testing in ITER is long, and the decision to move ahead with fusion energy R&D depends on national priorities and funding.  

The long time scale also introduces other factors that will influence (either positively or negatively) the development and introduction of fusion energy into the commercial market place. These factors will include: innovation in materials, advanced fabrication processes, enhanced components and subsystems, demanding environmental initiatives, imposition of carbon dioxide control/abatement programs, increased energy demand, advanced simulation and modeling and other new technologies emerging over the next 30 years.  Integrated system health and lifetime prediction will be a major factor in plant operations.  Advanced simulation and modeling will help predict and refine how the plant can be operated and maintained. More automation and use of expert systems is anticipated in plant operations.
We present R&D plans and proposed facilities that attempt to characterize the cost, risk and timing tradeoffs associated with the various scenarios for fusion energy development.  (more on this)
II. High-Level Goals and Objectives

a) Plant Availability ≥ 90% for a mature fusion electricity generating power plant (not first of a kind plant, but what this type of plant is capable of achieving in 2050-2070 timeframe).
[Text added by Cadwallader] It is recommended the plant availability goal for a mature fusion electricity generating power plant be at least 90%.  Presently, the existing “Generation II” fleet of nuclear fission power plants have been increasing their average on-line time from the 60% range in the 1970’s to the 90% range in the mid-2000’s (Blake, 2006)(Ref 1) with good performing plants achieving over 93%.   Schultz (2006) (Ref 2) stated that with proven components, design simplifications, design margins, and lessons learned from the present fleet of reactors, the AP600/AP1000 “Generation III” advanced fission plants are expected to exceed 93% availability. More advanced reactors, such as the Global Nuclear Energy Partnership “Generation IV” plant designs, are expected to exceed 90% availability.  The Electric Power Research Institute published a requirements document for advanced reactors that called for 87% availability over the plant’s 60-year lifetime (EPRI, 1990) (Ref 3).  Therefore the plant availability goal of ≥ 90% is not so much a step forward as it is maintaining the status quo so that fusion can equitably compete with other technologies for base-load electrical power generation.
b) Exceeds All Current Safety and Environmental Standards
[Text added by Cadwallader] While government agencies may change names or be merged, it is not expected that the functions of the US Environmental Protection Agency (EPA) will cease in the foreseeable future.  The EPA has national emission standards for hazardous air pollutants (NESHAPs) and limits of routine radionuclide emissions in air and water are also addressed.  While the annual allowable release limits may continue to decrease as time goes on, there will still be a limit to meet in the 2050-2070 timeframe.  The US Nuclear Regulatory Commission (NRC) oversees nuclear power plants and will likely oversee the future fusion power plants just like fission plants.  The NRC has radiation exposure limits for plants.

Presently, some of these limits conflict:

· 40CFR141.66, Drinking Water Maximum Contaminant Level for gross alpha activity 15 pCi/liter.  Drinking Water Maximum Contaminant Level for beta and photon activity must not exceed 4 mrem/year [for tritium this would be 20,000 pCi/liter.] This section also has mg/liter limits for organic and inorganic contaminants, disinfectants, and colonies of microbiological contaminants.

· 40CFR32, the Emission standard for beryllium, either 10 grams/twenty-four hours or maintain a plant vicinity concentration of 0.10 micrograms/m3 measured over 30-day periods.  

· 40CFR190.10, the standard for the entire uranium fuel cycle (including milling, conversion, enrichment, fabrication, power plant use, and reprocessing) is 25 mrem to the whole body per year from radioactive materials entering the environment from the fuel cycle.

· 10CFR20.1301, Dose limits for individual members of the public, the total dose to individuals from NRC licensed operation cannot exceed 100 mrem in a year.

Since 40CFR and 10CFR contradict each other for power plants (the entire uranium fuel cycle must be below 25 mrem/y but an NRC licensee power plant must be below 100 mrem/y) then to be sure that all regulations are satisfied, using the 25 mrem/year limit is a conservative course of action for a fusion power plant that does not have a uranium fuel cycle or reprocessing.   The CFR has a section for DOE facilities (40CFR61.92) that states that such facilities must meet 10 mrem/year dose to the public so it is reasonable to expect that the other standards will trend downward toward 10 mrem/year over the next ~50 years.  
c) Establishes New State of the Art in Electrical Power Generating Plant Operations
[Text added by Cadwallader] Schultz (2006) discussed the simplifications that the AP1000 PWR design has accomplished.  From a typical “Generation II” PWR of the same power, the design as simplified:

Component
Metric
1,000 MW PWR
AP1000
% reduction
Safety valves
Number
2,844
1,400
51

Pumps
Number
280
184
34

Safety piping
Length, ft
1.1E+05 
1.9E+04 
83

Electrical cable
Length, ft
9.1E+06 
1.2E+06 
87

Seismic building 
Volume, ft3
12.7E+06
5.6E+06
56

Such improvements reduce plant capital costs, construction costs, and maintenance costs.  Generation IV plants are reputed to have made further reductions.  To be competitive, fusion has to also offer designs that are equally simple, smaller/cheaper buildings, reduced number of components, and innovative operational and maintenance features. 

III. Normal Day-to-Day Operations (Control Room Activities) – Kessel (plasma ops) Cadwallander (Safety, Emissions), Abdel-Khalik (Regulatory Compliance), Weaver (Instrumentation, data handling, displays, and computing), Shape (Fueling), Turnbull (plasma ops)
Normal day-to-day operations includes all activities in the main control room, such as monitoring and controlling the plasma and main power core elements, fueling, plasma heating, current drive, main heat transfer, cooling water, and others. 
a. Goals and Objectives (modify as necessary)
1. Control of plasma to virtually eliminate all plasma disruptions and anomalous detrimental behaviors. 

2. Ability to predict and control plasma for power levels of ~ 1% (initial startup to verify correct system operations), ~ 10% (power level equivalent to dissipating afterheat conditions), ~50% level (lowest partial power operation) and 100%; ability to control amount of heat fluxes to various plasma facing surfaces; and ….

3. Highly autonomous control requiring a minimal number of control room operators for normal operations as well as maintenance operations.
4. Incorporation of system health monitoring and predictive capabilities to determine the state of health of all plant systems and predict when maintenance or replacement actions are required.  The ability to predict wear-out and incipient failures will continue to be improved. 
5. [Potentially] Address the implications of pulsed operation for Demo.  It is unlikely that the commercial machine will be pulsed.

b. Current Capabilities (fill out)
1. Plasma control, disruption prevention (Kessel, Turnbull?  Any work being done on this?)
2. Control plasma at power levels of 10% to 100% and control of heat fluxes to plasma facing surfaces, and ….(Kessel, Turnbull?  What are ITER partial power capabilities?)
3. Number of human control room operators- During the introduction of fission power plants, the control room personnel included engineers, physicists, and operators for reactors like the first PWR (Shippingport).  Then as these plants became commonplace and the operations became more standarized, the staff was reduced to just operators.  After the TMI-2 accident occurred, federal regulations then stipulated how many operators were to be on shift.  The operators at TMI had conflicting instrumentation results and one of the results of the odd signals was that they failed to realize they had steam instead of water in the cooling system.  They turned off crucial pumps since they thought they were going to over-pressurize a water system with no steam cushion in it (this would have permanently damaged the piping and tanks), so they turned off the pump that was in reality still cooling the core.  They got fuel melting.  So, one of the new rules was for a degreed nuclear engineer to serve as a Shift Technical Advisor.  His responsibility is to guide in deciphering unusual plant conditions and advise the operators about what to do.  The code of federal regulations (10CFR50.54) currently states how many operators are needed on duty in a nuke plant control room and their certification level, for each mode of operation.  One unit, in power operation, requires 2 senior operators and 2 operators plus a Shift Technical Advisor.  If plant walk-downs are implemented or any other roving inspections, you need additional people to perform those activities.  Such post-TMI rules have lived for ~25 years in the CFR, it is anticipated this would be the status-quo
[Les’ comments]  Agreed that in the introductory period (Demo and the initial power plant) there will be lots of personnel required on a fusion plant. Then after the initial period, it would be reduced to only a few human operators overseeing the computers which do the bulk of the work. Since the fusion power core will be off limits at all times, the walk around is only for other plant systems. Pilots still walk around and kick the tires and look for leaks, but they and the ground crew reply primarily on the instrumentation for their diagnostic data.  Eventually, this visual inspection will be eliminated.  I would suggest that by the time the 10th plant is in operation (2060 or so), there will only be a senior operator with all other support personnel (experts) being on-call at some remote location.
4. System health monitoring and predictive capabilities to determine the state of health of all plant systems
This is an extract from a paper entitled “Vehicle Health Monitoring System using Multiple-Model Adaptive Estimation” by Xudon Wang, University of Hawaii, This summary represents our vision of health monitoring for a fusion power plant

“Modern engineering systems are becoming more and more sophisticated.  Reliability, availability, and automatic supervision of technical processes and their control systems are important consideration in overall system design and operation.  An integral element of a highly reliable, fault tolerant system is an efficient fault detection and identification technique that can detect and isolate the sensors, actuators, or system component failures so that remedies can be undertaken.  A failure is defined to be any deviation of a system from its normal or intended behavior; diagnosis is the process of detecting an abnormality in the system behavior and isolating the cause or the source of this abnormality.  Hard failure can be rapidly detected by on-line built-in-testing (BIT), the more subtle or “soft” drifting-type failures can only be detected by the use of more sophisticated techniques, based on modern estimation/decision theory [1]. Towards this, many methods have been developed for fault detection and identification of dynamics systems over the last two decades [2, 3, 4, 5, 6]. 

In a modern flight control system, for example, failures of its actuator or sensor may cause serious problems and need to be detected and identified as soon and as accurately as possible.  Systems subject to such failures cannot be modelled well by a single set of equations of state that varies continuously. A more appropriate mathematical model for such a system is the so-called stochastic hybrid system. It differs from the conventional stochastic systems in that its state may jump as well as vary continuously.  This research has been funded by The Boeing Company under contract # 436481.”
[1] Ali Zolghadri, An algorithm for real time failure detection in kalman filters,

IEEE Transactions on Automatic Control, Vol. 41, No. 10, 1996, pp.1537-

1539.

[2] A. Willsky, A survey of Design Methods for Failure Detection in dynamic

systems, Automatica., Nov. 1976, pp. 601-611.

[3] R. Mehra, and J. Peschon, An innovation approach to fault detection and

diagnosis in dynamic systems, Automatica, 7:637-640, Pergamon Press,

1971.

[4] R. Mehra, C. Rago, and S. Seereeram, Autonomous failure detection, identification

and fault-tolerant estimation with aerospace application, IEEE

Aerospace Conference Proceeding, Vol. 2, 1998.

[5] Zhang, Y. M., and Li, X. R., Detection and diagnosis of sensor and actuator

failures using IMM estimator, IEEE Transactions on Aerospace and

Electronic Systems, Vol 34, No. 4, 1998, pp. 1293-1313.

[6] Hanlon, P. D., and Maybeck, P. S., Multiple-Model Adaptive Estimation

using a residual correlation Kalman filter bank, IEEE Transactions on

Aerospace and Electronic Systems, Vol 36, No. 2, 2000, pp. 393-406.
The Shuttle program is also using an integrated health management system to monitor the shuttle flights to optimize the flight operations and the ground maintenance required. , http://www.nasa.gov/centers/ames/research/humaninspace/humansinspace-ivhm.html> Integrated Vehicle Health Management (IVHM) systems are being developed for the Second Generation Reusable Launch Vehicle (RLV), crew, and cargo transfer vehicles. These highly integrated systems will likely include advanced smart sensors, diagnostic and prognostics software for sensors and components, model based reasoning systems for subsystem and system level managers, advanced on-board and ground-based mission and maintenance planners, and a host of other software and hardware technologies. These hardware and software technologies will be embedded in the vehicle subsystems, maintenance operations, and launch and mission operations elements, and will provide both real-time and life-cycle vehicle health information which will enable informed decision making and logistics management. Knowledge databases of the vehicle health state will be continuously updated and reported for critical failure modes, and routinely updated and reported for life cycle condition trending. 

Sufficient intelligence will be included in the IVHM and related vehicle systems to result in more rapid recognition of off-nominal operation to enable quicker corrective actions. This will result from the IVHM system providing better information (rather than just data) for improved crew/operator situational awareness, which will produce significant vehicle and crew safety improvements, as well as increasing the chance for mission completion.

Another paper on Integrated Vehicle Health Management (IVHM) from D. C. Price on “An Integrated Health Monitoring System for an Ageless Aerospace Vehicle”, Presented at 4th International Workshop on Structural Health Monitoring, Stanford University, USA  September 15-17 2003.  Published in Structural Health Monitoring 2003: From Diagnostics & Prognostics to Structural Health Management, ed. Fu-Kuo Chang, DEStech Publications (Lancaster, PA), 2003. pp. 310-8.  Paper source is < http://www.ict.csiro.au/CISD/Publications/NDE/IWSHM4%20Paper%20031015.pdf>.
“Recent interest in smart sensor networks, and developments in technologies such as MEMS (Micro-Electo-Mechanical Systems), microelectronics, nanotechnology, communication networks and distributed computing, have encouraged interest in the development of integrated vehicle health monitoring (IVHM) systems. In the longer term, such systems will provide a basis for the development of self-repairing, and perhaps even ageless, structures. In the shorter term, IVHM could reduce or eliminate a number of present design constraints (e.g. relating to redundancy and inspectability), allowing more efficient designs, and should reduce maintenance and inspection requirements. An IVHM system is an example of an intelligent sensing system. The purpose of such a system is to detect and measure certain quantities, and to use the information and knowledge obtained from the measured data, and any prior knowledge, to make intelligent, forward-looking decisions and initiate actions. One of the important characteristics of practical IVHM systems is that they will generally consist of thousands, and perhaps millions, of sensors of different types measuring different quantities. It is therefore essential that strategies for efficient handling and usage of the vast amount of data generated are an integral component of the system design. It will simply not be possible to communicate all this raw data to a central processor: some form of local data reduction, and the communication of information rather than data, will be essential. It is also most important that the system is robust: its purpose is to detect damage, so it must continue to operate effectively in the presence of damage.”
c. Likely Capability Enhancements and R&D/facilities Needs

d. Development Plans to Mature Enhanced Capabilities

[Text added by Cadwallader] Plant control computers will monitor system operating status in the tokamak, the cryoplant, the hot cells, and the radioactive waste handling and storage building.  Human operators will monitor the computers and determine/execute the correct actions to assure safe and efficient plant operation...  The operators will receive alarms when any major plant system deviates from its normal operation values by more than a few percent, or outside whatever the ARIES technical specifications give as allowable operating bands.  The plant computer will monitor and control plasma fueling, plasma heating, current drive, tokamak heat removal, and balance of plant systems.  Advances in man-machine interface, alarm prioritization, and alarm filtering will allow operators to focus on the most important alarms first and minor alarms as time allows.  

Operators will perform “lamp and alarm” tests each shift even though it is anticipated that the old style, wall-mounted annunicator panel lights will have been entirely replaced with computer screens that display the status of plant systems.  Nonetheless, verification of proper working order will remain a best practice in operations.  Operators and technicians will routinely test plant safety systems, not so often that the systems wear from testing, yet often enough to verify system operability if needed in an off-normal event (e.g., perhaps quarterly or semi-annual tests).  Testing needs will be extensive, so there will be testing to perform throughout each quarter year.  Plant emergency equipment, like backup power (batteries, diesel generators), air cleaning systems, ventilation confinement systems, emergency controls, radiation monitoring, even the facility evacuation sirens and other safety systems, will be surveyed and tested periodically.

Operators will perform routine “walk-down” visual, auditory, and olfactory inspections of the plant once a shift.  These inspections allow the operators to judge if the plant is running well.  The tokamak power core cannot be accessed by personnel for such an inspection, but the computer rooms, cooling system rooms, cable spreading rooms, balance-of-plant generator hall, fuel plant, and cryoplant can be accessed.  Operators will look and listen for out-of-the-ordinary conditions.  Instrumentation and sensors on equipment may improve, but personal inspections will still be performed.

A fusion power plant will monitor its radiological and toxicological emissions like any other power plant.  There will be a stack monitor in the facility vent stack that routes the routine releases of radionuclide gases and aerosols to the atmosphere.  Plants use stack particulate, iodine, noble gas (SPING) monitors that take periodic samples and analyze them.  Future plants will likely use real time monitors (RTMs) that provide a continuous reading of stack emissions.  For liquid emissions, plants use radiation monitors on low level waste water that is routed to sanitary sewers so they can verify compliance with EPA limits.  For moderate radiation levels in waste water, plants pump that water from holding tanks to basins and allow the water to evaporate, leaving the activated material behind.  For fusion, tritium recovery from waste water will be necessary to minimize potential environmental release and fuel loss.  The residues in the lined basins are periodically collected and are sent to solid waste disposal.  High radiation level water is diluted to become moderate level, or if the high level liquid not easily diluted (e.g., oil) then small volumes are captured on absorbent material and sent to solid waste disposal.  This approach is efficient for handling large quantities of water and is unlikely to change unless separation/filtration technologies improve to where the treated water can be released to sanitary drains and small amounts of solid residues are sent to low level waste packaging.  The plant operators will monitor the RTM and liquid monitors as well as the plant air monitors.  Data will be recorded daily in the plant main computers.  

Each day, operators will test coolants to verify suitability of continued operation.  In existing plants, small samples of coolant water are tested each shift for electrical conductivity, potential of hydrogen (pH), filterable solids content, and total radioactivity.  There are special tests performed for certain telltale radioactive elements, such as Iodine fission products in fission plant cooling water.  Certainly, any fusion plant would monitor its coolants and fluids for tritium concentration. If any of these tests return results that are bordering the limits given in plant technical specifications, the plant has a limited amount of time to bring the coolant back into specification or shut down.  ARIES designs have used either helium or liquid metal fluids as the primary heat transfer media.  Past helium-cooled fission reactors have had concerns with a number of impurities – water vapor, carbon dioxide, oxygen, nitrogen, argon, methane, and carbon monoxide gases.  While some of the listed impurity gases (i.e., methane) were the result of graphite used in the fission systems, intrusion air remains a concern for any gaseous coolant.  The impurity gases would become activated and pose radiological concerns for the plant staff.  Past plants sampled about 1-kg of gas per day.  Future instrumentation may be able to accurately in-situ sample the coolant without grab sampling.  If a fusion plant uses liquid metal coolant, periodic sampling would assure maintenance of a proper status of eutectic mixture, impurity activation (e.g., bismuth in lead), dissolved oxygen and nitrogen from air, and maintaining appropriate temperature to preclude system damage by freezing the coolant.  The cryoplant liquid helium coolant would be sampled for impurities, including ice shards, frozen air, metal shavings, or any other foreign materials that could plug or short circuit a magnet cooling channel.

Operators will maintain the coolant purification systems for the fusion plant.  In any system, the design calls for a small amount, 5 to 10%, of coolant to bypass the heat source and be routed to the cleansing and purification equipment.  If water coolant is used, the equipment would be filters, demineralizers, and chemical additives.  If helium is used, charcoal filters, sorbents, and perhaps a cryotrap.  If liquid metal is used, a hot trap or a cold (that is, room temperature) trap.  These features need periodic inspection, and cleaning or renewal for optimum efficiency.   

Despite the advanced nature of a fusion power plant, the plant thermal cycle will require a heat sink, either air or water.  Operators will maintain the ultimate heat sink for the plant; usually this involves disbursing waste heat to a cooling tower or perhaps a lake/river/ocean.  The cooling tower water is monitored for evaporation of water (so “makeup” water is provided), algae growth (so “biocide” or “slimicide” is added), and pH (ml quantities of chemistry control chemicals such as H2SO4 or NHO3 are metered into the basin).  If a lake or river or ocean is used, the operators must monitor the inlet and outlet water to verify that temperature limits have been met (this generally means very high flow rates for very low ∆T), any disinfectant or chemistry control chemicals injected into the water are within EPA outlet concentration limits, and that the water returned to the environment is unaltered (e.g., aeration, suspended solids).  The operators must continually check that marine life is not encroaching on the plant.  For example, fresh water mussels and salt water oysters enjoy the warmth and high flow rate environment of condenser tubes, but their presence impedes heat transfer, degrading station thermal efficiency.  Chemicals such as chlorine are added to the water to discourage marine life.  Operators must clean the metal grate filter screens of inlet water from lakes, rivers, or oceans daily to remove coarse materials (tree branches and trunks, carcasses, manmade trash, etc.) so these items do not foul the circulating water pumps.

Operators will oversee maintenance activities on plant equipment that can be de-energized and serviced during plant operations – which is expected to be much of the plant equipment since the plant will be reaching high operating availability values; downtime will probably be less than one month per year, on average.  The plant will be large and capital cost high due to the multiple and redundant subsystems and equipment needed to allow the plant to achieve high availability.  There will be crane operations, material handling/forklift operations, preventive maintenance, equipment disassembly and corrective maintenance, and subsystem testing while the plant operates.  The old operations adage “testing and maintenance decline to zero as the plant nears a record-breaking operating run” will be a thing of the past since the plant will routinely perform at high levels.  The fusion plant control computers will collect operations data, judge the health of plant components, keep the operations and maintenance logs and all plant schedules.  The computer will be able to analyze these data and automatically update the Probabilistic Safety Assessment models to indicate plant health whenever the operators request it. It is anticipated that the plant health monitoring and predictive technologies will advance such that the state of the health of all plant systems will be known thus allowing as-required preventative maintenance and significant reduction of unscheduled failures.  The technology will be able to predict wear-out as well as incipient failures.

Operators will oversee deliveries of consumables – vehicle fuel, P-10 gas for counters and other specialty gases, synthetic lubricating oil, bulk deliveries of chemistry control chemicals, contamination control materials, spare parts, and other items needed to support the plant.  They will oversee outbound shipments of low level radioactive waste drums (i.e., spent demineralizer resins, air filters, used anti-contamination clothing, spill cleanup cloths, contaminated refuse, and other materials) and “cold”, that is, non-radioactive industrial waste such as used oil, worn or broken parts, foodstuffs, office refuse, etc.   

Fusion plant startup after a scheduled outage will be a multi-step process.  Presumably, re-establishing vacuum and performing days of system bakeout will have been completed as part of the outage post-maintenance testing; if not, it will be completed prior to startup operations.  After personnel verify that all planned outage activities have been satisfactorily completed and all systems are operable, permission will be sought from plant owners and government regulators to start up.  Upon receipt of startup permission, the operators will verify that sufficient fuel is onsite for the upcoming operating period.  Next, they will verify operability of key safety-related components by demonstrating operation of each equipment item for a few minutes, simulating automatic startup of each component sequentially.  Concurrently, the vacuum vessel will be gradually warmed up at a slow rate to not introduce any unnecessary thermal stresses in the walls, perhaps 1ºC/minute or some similar rate.  The fueling system will be tested for operability and that fuel metering is functioning properly (probably with deuterium rather than the more expensive tritium).  The magnets will have remained at cryogenic temperature since the warmup and recooling time would be much longer than the maximum allowable annual outage time.  The turbine will be warmed slowly for it to expand to correct length; it will be placed on a turning gear so that it does not sag at elevated temperature before it starts turning from gas or steam admission.  When all pre-operational checks have been completed and the plant is at temperature, the plasma will be formed and the plant will start up.  Coolant flow is initiated as the plasma begins creating heat.  The plasma would be fed more fuel and the fusion power would increase.  Then the plant will reach steady state operations.  This will require perhaps 12-18 hours.  

IV. Normal Off-Line Operations (Distributed Control) – Waganer (Plant Maintenance, Hot Cell Operations), El-Guebaly (Waste treatment, waste disposal), Sharpe (Fuel processing)
These operations include maintenance or repair of plant equipment, hot cell operations, waste treatment, waste disposal, fuel processing, and other distributed control activities that can be accomplished during normal plant operations. 
a. Goals and Objectives (modify as necessary)
1. Enable and support plant availability goal - Extremely high reliability components, parallel subsystem architecture (at least one subsystem operational while failed components are being replaced), fault-tolerate designs, integrated health management systems employed, and …..

2. Fault tolerant designs maintains safety assurance and environmental compliance levels even when systems are malfunctioning, failed or during repair/replacement.
3. During operation of the Power Plant, there is a need to inspect, maintain and update maintenance equipment as required.  There will be a need for inspection, calibration, fluid replacement/replenishment, software updates and such.  Thus, a part of the Power Plants personnel may be those individuals required to maintain the radiation harden maintenance equipment and/or the equipment use to perform the maintenance since it will be contaminated from operation within the power core.  Also, there may be a need for redundant maintenance equipment should a piece fail during maintenance and/or refurbishment of the power core during scheduled maintenance
b. Current Capabilities

c. Likely Capability Enhancements and R&D Needs

d. Development Plans to Mature Enhanced Capabilities

V. Main Power Core Refurbishment -  Waganer (Plant Maintenance, Remote/Autonomous Handling, Advanced remotely actuated plumbing/electrical connectors, some Hot Cell Operations), El-Guebaly (Component life prediction, Design for Maximum component life), 

These operations are focused on the removal, inspection, and replacement of a portion or all of the life-limited power core components on a regularly scheduled basis.  The power core will be shut down for a significant time to complete this core refurbishment.  All removal and refurbishment activities will probably be directed from the main control room but there might be a dedicated area for control of the maintenance action or, alternatively, the control screens will be reconfigured for power core maintenance. These major maintenance campaign periods will allow refurbishment of all other plant systems at the same time, thus enhancing plant availability.
a. Goals and Objectives (modify as necessary)
1. Efficient and speedy refurbishment and maintenance of power core – This goal is the enabler for achieving the high level plant availability goal.  This can be accomplished by employing power core component design for remote/autonomous operations, specialized maintenance tools, equipment, and facilities, development and training maintenance facilities, highly developed coordinate mapping and guidance systems,  expert systems to handle maintenance systems, fuzzy logic algorithms to handle unanticipated maintenance situations, and optimization routines to continually improve maintenance operations. 

2. Maintenance equipment, facilities, and operations must maintain plant safety assurance and environmental compliance.

b. Current Capabilities

c. Likely Capability Enhancements and R&D and facility needs

d. Development Plans to Mature Enhanced Capabilities

VI. Minor Scheduled Maintenance Operations (Power Core Non-Operational) - Waganer (Plant Maintenance, Remote/Autonomous Handling, Advanced remotely actuated plumbing/electrical connectors, some Hot Cell Operations), El-Guebaly (Component life prediction, Design for Maximum component life), 

These operations relate to routine maintenance of plant systems and subsystems that require the plant to cease power production.  The power core will be shut down during these operational periods as there is no ability to dissipate the generated thermal power from the power core. 
a. Goals and Objectives (modify as necessary)
 Enable and support plant availability goal - Extremely high reliability components, parallel subsystem architecture (at least one subsystem operational while failed components are being replaced), fault tolerate designs, integrated health management systems employed, and …..
b. Current Capabilities

c. Likely Capability Enhancements and R&D Needs

d. Development Plans to Mature Enhanced Capabilities

VII. Unscheduled Major and Minor Maintenance Operations (Power Core Non-Operational) - Waganer (Plant Maintenance, Remote/Autonomous Handling, Advanced remotely actuated plumbing/electrical connectors, some Hot Cell Operations), El-Guebaly (Component life prediction, Design for Maximum component life), 

These unscheduled maintenance operations of plant systems and subsystems that require the plant to cease power production.  The scope of the maintenance action might be very limited, such as repairing a small divertor coolant leak, or very extensive, such as replacing a malfunctioning blanket module that would require complete removal of an entire power core sector.  This category of actions are similar to the scheduled actions for life-limited power core components previously discussed. But the maintenance action also might relate to a failure of a life of plant component, such as a leak in the vacuum vessel that would require a significant disassembly of the power core. This is intended to be a very unlikely event, but still it is possible and must be considered and planned for as could adversely affect the plant availability. 
a. Goals and Objectives (modify as necessary)
1. Enable and support Availability goal - Extremely high reliability components, parallel subsystem architecture (at least one subsystem operational while failed components are being replaced), fault tolerate designs, integrated health management systems employed, and …..

b. Current Capabilities

c. Likely Capability Enhancements and R&D Needs

d. Development Plans to Mature Enhanced Capabilities
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