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ABSTRACT 

Several studies and analyses have been conducted in the wake of the beyond-design-basis 
tsunami flooding events that resulted in the loss of all electrical power and consequent significant 
core damage at three Fukushima Daiichi reactors.  These studies have concluded that plant 
operators did not have adequate instrumentation and control (I&C) systems to enable them to 
readily cope with the loss of reactor core cooling, containment heat removal, and spent fuel pool 
cooling functions.  They also conclude that valuable time for preventing and mitigating significant 
core damage was lost because the equipment and procedures in place at Fukushima did not 
provide sufficient defense-in-depth, such as strategies identifying alternative means of assessing 
reactor and containment status to enable plant operators to diagnose and cope with the progression 
of the accidents at each reactor.  The IAEA, the National Research Council of the National 
Academies of Science, the Nuclear Energy Agency, and other organizations tasked to identify 
Lessons Learned from the events at Fukushima have developed recommendations that parallel 
those of the USNRC Advisory Committee on Reactor Safeguards, regarding the need for 
enhancement of reactor and containment instrumentation to provide appropriate status information 
to plant operators to help them cope with the effects of accidents with significant core damage.  
This paper provides a regulatory context for this need to be resolved, and identifies important 
design criteria to be considered while planning for the development and implementation of 
regulatory guidance and/or potential future design requirements applicable to such accident 
monitoring system enhancement. 
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1  INTRODUCTION 

The “beyond-design-basis” tsunami event severely impacting the nuclear plants at the Tokyo Electric 
Power Company (TEPCO) Fukushima Daiichi and Daini nuclear power generating sites in March, 2011, 
has provoked significant world-wide introspection and re-examination of nuclear industry design and 
operational practice, in much the same manner as the analyses and re-evaluation that took place to 
understand the design basis event at Three Mile Island Unit 2 in March, 1979.  Much work has already 
been accomplished to gain a detailed understanding of how the design basis plant systems at Fukushima 
failed to achieve their safety objectives under beyond-design-basis conditions, although some work still 
needs to be done in this area.  Several studies conducted by industry, research organizations, academia, 
and government agencies have been published in an effort to summarize and disseminate lessons learned 
to date from the event.  One lessons-learned topical area that is consistently identified in these studies is 
in the area of instrumentation and controls.  Specifically, the studies identify there is a need for more 
appropriate accident monitoring instrumentation capabilities and for reliable controls to be made available 



to operators to enable the accomplishment of core damage prevention and mitigation functions.  These 
studies contain several recommendations for enhancing the reliability and severe accident capability of 
such instrumentation and controls.  In this paper, these recommendations are examined from design and 
regulatory perspectives.  Where appropriate, this paper seeks to identify and clarify appropriate design 
criteria to be addressed when planning for the development and implementation of regulatory guidance 
and/or potential future design requirements for such accident monitoring enhancement. 

 
Although the author is a member of the US Nuclear Regulatory Commission (USNRC) staff, the 

views expressed in this paper are solely those of the author, and do not necessarily reflect NRC staff 
positions or represent current USNRC policy. 

  

2 FUKUSHIMA EVENTS REVEALING I&C ISSUES OF INTEREST 

2.1 Fukushima Daiichi Units 1-3 Earthquake and Tsunami Responses1 

When the Great Tohoku earthquake of March 11, 2011 occurred, Units 1, 2, and 3 at Fukushima 
Daiichi promptly scrammed from full licensed power on detection of seismic activity, as designed.  
Earthquake damage to offsite power transmission facilities resulted in a complete loss of offsite AC power 
to the site, but the earthquake apparently caused little or no damage to on-site safety related structures, 
systems, and components.   

 
 The main steam line isolation valves closed at all three units with the loss of offsite power and 

consequent loss of normal feedwater and main steam condenser system capability.  All available 
emergency diesel generators (EDGs) started and connected to their assigned emergency power 
distribution buses.  (Unit 4 had one of its two EDGs out of service for maintenance.)  Post-scram recovery 
operations began, and normal post-scram reactor cool-down and decay heat removal operations took 
place, until the arrival of the tsunami. The isocondenser of Unit 1 automatically initiated on high reactor 
pressure and the operators manually cycled the condensate return line of one of the two isocondenser 
trains to maintain reactor pressure within its isocondenser operational band limits until the operators 
identified they were exceeding the maximum allowed cooldown rate, at which point they isolated the 
operating isocondenser system.  The Reactor Core Isolation Cooling (RCIC) systems for Units 2 and 3 
were manually initiated to maintain reactor pressure and water level, while removing reactor decay heat. 

 
The arrival of the beyond-design-basis tsunami approximately 41 minutes after the earthquake 

brought with it the inundation of the seawater intake structure for all six units and the loss of emergency 
diesel generator system capability and emergency AC switchgear, resulting in a simultaneous extended 
loss of AC power (ELAP) condition and a loss of Ultimate Heat Sink (LUHS).  The rooms housing the 
batteries and distribution equipment for the direct current (DC) power supply were soon flooded, and DC 
power supporting emergency instrumentation and core isolation cooling system valve controls was 
gradually lost for Units 1 and 2.  Unit 3 still had partial DC power, enabling operators to respond 
appropriately to some reactor and containment parameters for a limited time, until this capability was lost 
as the batteries became depleted. 

2.2 Unit 1 ELAP Response 

In the Units 1 and 2 control room, lighting, instrumentation, and the operators’ capabilities to operate 
make-up water and cooling system controls for the reactor core were lost.  Indications of the Unit 1 
isocondenser and high pressure coolant injection (HPCI) system operation were also lost.  When AC and 
DC power were lost in Unit 1, the isocondenser system previously being cycled had been in its isolated 

                                                 
1 Event descriptions in this section are based on information presented in References 2 and 3 



configuration.  Without electrical power, the only way the isocondenser system could be operated was to 
attempt to manually operate the valves locally.  However, there was a delay in performing this operation; 
with the reactor building in the dark, and with radiation and ambient temperature beginning to increase, 
this was a daunting endeavor.  Without HPCI flow indication and reliable reactor water level indications, 
operators could not confirm the high pressure injection system was functioning.  Although the Unit 1 
indicated reactor water level did not go below the top of active fuel until the next morning, conservative 
analyses performed after the events showed the core may have become uncovered as early as within the 
first three hours, with significant fuel damage occurring soon thereafter.  In an effort to restore reactor 
water level indication and other key reactor parameters, resourceful TEPCO employees scavenged for 
temporary batteries and cables, and brought them into the control room for hookup to the main control 
board terminals.  This action took considerable time and effort, and during this time the operators lacked 
reliable indication of reactor water level and isocondenser and HPCI operating status.  With the ad hoc 
efforts to restore DC power, some indications returned, only to be lost again when the temporary batteries 
became depleted.  With no control room indications, operators were sent to the reactor building to monitor 
reactor pressure on local gauges.  When water level indication was finally restored more than six hours 
after the tsunami event, it was indicating just above the top of active fuel.  However, by that time, it is 
likely the reactor water level reference legs had boiled off due to the heat in the drywell, and this was an 
erroneously high reading.  The lack of DC power also hampered efforts to vent the containment. 

2.3 Unit 2 ELAP Response 

In Unit 2, the RCIC system had been aligned following the scram such that operators were able to 
cycle RCIC to maintain reactor water level.  Torus sprays were used initially to cool the suppression pool 
and remove heat being injected by the RCIC turbine exhaust.  Within minutes after the tsunami, however, 
a gradual loss of all AC and most DC power began.  When the emergency and DC power switchgear 
rooms located in the turbine building basement were flooded, control room lighting and indications were 
lost, including HPCI and RCIC indications.  Without RCIC flow indications, operators could not tell if 
RCIC was still running.  Similar to Unit 1, reactor water level and reactor pressure indications were also 
lost in the Unit 2 control room.  Without DC power, HPCI was unavailable.  Similar to the efforts on Unit 
1, batteries and wiring were brought into the Unit 2 control room in an attempt to restore critical 
indications.  However, six hours after the loss of power, reactor water level and RCIC status indications 
still had not been restored.  Finally, after 7 hours, reactor water level indication was restored and it was 
found that reactor level was still above the top of active fuel.  One channel each of reactor pressure and 
containment pressure indication were also restored.  However, to confirm RCIC was still operational, 
operators had to go into the Unit 2 reactor building, where they noted on local instrument racks that 
reactor pressure was still high and RCIC pump discharge pressure was high, indicating the RCIC pump 
was running.  Although the RCIC system was not expected to operate for more than 10-12 hours during 
events of this type, the RCIC system in Unit 2 was aligned following the loss of AC and then DC power 
such that it continued to operate for more than 70 hours without reliable DC power, continually 
maintaining reactor water level above the top of active fuel.  [Note:  Some analyses indicate that a 
fortuitous sequence of failures of DC power to key RCIC system valves and governor control components 
allowed for this alignment to occur.  The author considers detailed study of this Unit 2 RCIC performance 
to be one of the most valuable opportunities for lessons to be learned from Fukushima.  Such a study 
could yield valuable information for improving the reliability of isolation cooling systems and perhaps 
auxiliary feedwater systems for pressurized water reactors (PWRs).]   Attempts to vent the Unit 2 
containment and inject water into the reactor were hampered by the hydrogen explosions that occurred in 
Units 1 and 3.  Once the RCIC turbine finally stopped, however, more than six hours elapsed before 
reactor water injection could be re-established via fire engine pump sea water injection through a core 
spray line. 

 



2.4 Unit 3 ELAP Response 

 
Following the initial scram, RCIC was also manually initiated on Unit 3.  Operators manually cycled 

RCIC as needed to maintain reactor water level.  When the tsunami waves arrived, a gradual loss of all 
AC power and a partial loss of DC power occurred.  Fortunately, portions of the Unit 3 DC power system 
were located on an elevation in the turbine building above the flooded spaces, allowing partial indication 
and controls to remain operable in the Unit 3-4 control room.  Although normal control room lighting 
failed completely, operators still had at least some channels of indication for reactor pressure and water 
level.  Also, both HPCI and RCIC controls remained operable, as well as controls for some of the safety 
relief valves, which the operators used to control reactor pressure.  The RCIC system was operated for 
approximately 19-20 more hours to maintain reactor water level, until it suddenly stopped and could not 
be restarted.  As reactor water level decreased to the HPCI/RCIC start level, HPCI automatically initiated.  
The HPCI turbine draws a significantly greater amount of steam than does the RCIC turbine, so reactor 
pressure began to decrease more rapidly.  The HPCI system was operated for the next 14 hours, but 
during that time, station batteries became depleted and DC-powered instruments began to fail.  The 
drywell pressure, suppression chamber pressure, suppression chamber water level, and reactor water level 
indications needed to support emergency operating and accident management procedures all failed.  
Eventually, HPCI tripped on either low reactor pressure or high turbine exhaust backpressure, and could 
not be restarted because DC power had been depleted.  With no reactor cooling, pressure began to build 
back up in the reactor vessel.  Also, with no DC power, operators attempts to open a SRV to control 
pressure failed.  Attempts to inject water using a diesel fire pump also failed because the rising reactor 
pressure soon exceeded the capability of the pump.  Operators struggled to open the valves needed to vent 
the containment and suppression chamber because of loss of electrical and pneumatic motive power. 

 

3 FUKUSHIMA LESSONS LEARNED STUDIES AND THEIR 
RECOMMENDATIONS 

During the Advisory Committee for Reactor Safeguards (ACRS) review of the USNRC Fukushima 
Near-Term Task Force (NTTF) recommendations in SECY-11-0124 and SECY-11-0137, the ACRS noted 
Section 4.2 of the NTTF Report discusses how the Fukushima Daiichi operators faced significant 
challenges in understanding the condition of the reactors, containments, and spent fuel pools because 
instrumentation was either lacking or providing erroneous readings.  Accordingly, they made a 
recommendation (referred to as ACRS Recommendation 2(e)) that “Selected reactor and containment 
instrumentation should be enhanced to withstand beyond-design-basis accident conditions.”  During their 
review at the 587th meeting of October 6, 2011, the ACRS suggested this recommendation be added to 
those in the NTTF report.  The ACRS also noted the Japanese government has included the need for 
enhanced reactor and containment instrumentation in their list of key actions to be implemented in 
response to the accident at Fukushima.  The USNRC staff determined ACRS recommendation 2(e) could 
potentially improve safety, provided other interdependent NTTF actions are successfully integrated with 
this recommendation, and further study identifies that significant improvements in reactor and 
containment instrumentation performance are practicable. The staff recommended this activity be 
prioritized as Tier 3 because it requires further staff study and is dependent on other NTTF shorter term 
activities. 

 
Several analyses of the Fukushima Daiichi events by U.S. and international organizations have 

already yielded recommendations concerning I&C systems and their supporting power supply 
subsystems, based on Fukushima lessons learned.  Three of the most significant of these studies and 
recommendations are described below. 



3.1 National Research Council of the National Academies 

In a study sponsored by the USNRC, the National Research Council of the National Academies was 
requested by the U. S. Congress to examine the causes of the March, 2011 accident at Fukushima Daiichi 
to identify lessons learned for the United States.  Their report [1] (hereinafter referred to as the NAS 
study) contained the following recommendations with respect to the I&C systems and their supporting 
electrical systems: 

 
“RECOMMENDATION 5.1A:    
. . . Attention to availability, reliability, redundancy, and diversity of plant systems and equipment is 
specifically needed for 

• DC power for instrumentation and safety system control. 
• Tools for estimating real-time plant status during loss of power. 
• Instrumentation for monitoring critical thermodynamic parameters in reactors, 

containments, and spent fuel pools. 
• Hydrogen monitoring (including monitoring in reactor buildings) and mitigation. 

The quality and completeness of the changes that result from this recommendation should be 
adequately peer reviewed.” 
 
Regarding DC power systems supporting the emergency action-related I&C, the NAS study also 

provides this admonishment/recommendation: 
 

“5.1.1.1 DC power for instrumentation and safety system control” 
“. . . the loss of DC power at the Fukushima Daiichi plant severely impacted operators’ ability to 

monitor the status of reactor pressure, temperature, and water level and operate critical safety 
equipment. A lesson that emerges from this accident is that high priority must be given to protecting 
DC batteries and power distribution systems at nuclear plants so that they remain functional during 
beyond-design-basis events. 

“Both the USNRC and industry are taking useful steps to improve the ability of nuclear plants 
to cope during extended loss of power. The USNRC issued a Mitigation Strategies Order requiring 
U.S. nuclear plant licensees to implement strategies for coping without permanent electrical power 
sources for an indefinite period of time. This order is being followed by a formal rulemaking. The 
industry’s FLEX initiative is intended to address this USNRC order using installed and portable 
equipment. The specific strategies to be used will be different for each nuclear plant. 

Neither the USNRC order nor FLEX specifically addresses the need to protect station DC 
batteries and power distribution systems so that they remain functional during beyond-design-basis 
events. . . However, the functional requirements in [NEI 12-06] provide for capabilities that can be 
effective in responding to the loss of DC power. This includes the ability to operate the reactor core 
isolation cooling system, the capability to read certain instruments, and the capability to depressurize 
the reactor pressure vessel without DC power.  

The Fukushima Daiichi accident demonstrates that without AC or DC power, operators would 
have a few hours at most to restore critical reactor monitoring and cooling functions to prevent core 
damage. If station DC batteries or power distribution systems are destroyed or damaged there may 
not be enough time to install backup DC power even if the necessary equipment were available 
onsite. . .”   

 
Regarding the need for operators to be able to quickly and reliably assess the status of the reactor 

core during beyond-design-basis events with the potential for core damage, the NAS study concludes:  
 
“5.1.1.4 Instrumentation for Monitoring Critical Thermodynamic Parameters” 

 



“The loss of AC and DC power in Units 1 and 2 at the Fukushima Daiichi plant shut down key 
monitoring instrumentation for the reactor pressure vessel, drywell, and suppression chamber (see 
Chapter 4). The DC-powered monitoring instrumentation in Unit 3 shut down when that unit’s 
batteries were depleted nearly a day and a half later. The validity of readings from working 
instruments was difficult to ascertain after power was restored. Thermocouples on the exterior 
surfaces of reactor pressure vessels had been exposed to temperatures above their operating ranges 
and therefore were likely unreliable. Water level gauges were likely affected by pressure transients 
and seawater use for cooling. Some pressure gauges also gave erroneous readings.  A lesson that 
emerges from these observations is that robust and diverse monitoring instrumentation that can 
withstand severe accident conditions is essential for diagnosing problems; selecting and 
implementing accident mitigation strategies; and monitoring their effectiveness….The Fukushima 
Daiichi accident demonstrates the need to further harden essential reactor, containment, and spent 
fuel pool monitoring instrumentation to better withstand severe-accident conditions.” 

3.2 Organisation for Economic Co-operation and Development/Nuclear Energy Agency 
(OECD/NEA) 

The OECD/NEA Committees on Nuclear Regulatory Activities (CNRA), on the Safety of Nuclear 
Installations (CNSI), and on Radiation Protection and Public Health (CRPPH), under the overall direction 
of the NEA Director General, have also published a report [4] on Nuclear Safety Response and Lessons 
Learned from the Fukushima events.  Their report outlines the efforts currently being undertaken by 
member countries and regulatory bodies.  Their report describes the efforts to “examine the causes of the 
accident and to identify lessons learnt with a view to the appropriate follow-up actions being taken at the 
national and international levels.” 

3.2.1 Electrical and motive force support systems 

The NEA joint committees have reported the nuclear industry in member countries is developing 
long-term enhancements to safety support systems, including procuring portable [battery recharging, 
instrumentation and controls (I&C) supplies, etc. – spot power] and mobile (larger electricity demands) 
generators for enhanced electrical supplies; ensuring increased capacity and discharge times for direct 
current (DC) batteries, with the capability to recharge the batteries; enhancing DC power supply system 
robustness; improving the functional capability of existing electrical equipment under extreme 
environmental conditions caused by external hazards; and providing enhanced protection to fixed 
electrical (I&C) equipment from external hazards and internal events to withstand harsh conditions during 
severe accident conditions; and providing alternative power supplies or motive force for essential reactor, 
containment, and spent fuel pool  instrumentation, valves and dampers; shedding loads from batteries to 
extend the time that emergency instrumentation remains functional.  

3.2.2 Instrumentation and control systems 

The NEA report identified new regulations or requirements to be considered in order to address cliff-
edge effects for extreme natural hazards.  Notable among these are: 

 
• “increased survivability of instrumentation and  equipment including the  systems, structures 

and  components needed  to respond to design  extension conditions, in effect  applying the 
concept of robustness in that different types of equipment will likely be required to survive 
in plant states caused by the external initiator; and  

• procurement of equipment that can survive beyond-design-basis conditions to provide basic 
safety functions (power, heat sinks, water supplies).” 
 



Finally, with regard to severe accident management and mitigation capabilities, the NEA committees 
reported member countries are considering the establishment of requirements for I&C and support 
systems:  

 
• enhancement of equipment functionality to remain capable of monitoring plant conditions 

under extreme environmental conditions associated with severe accident monitoring 
instrumentation for essential plant parameters; 

• provision of alternative power supplies for essential instrumentation (supplies and 
connection capability); and  

• development of operator training to address plant monitoring during degraded plant 
conditions with questionable instrumentation or readings. 

3.3 International Atomic Energy Agency (IAEA)  

At an IAEA Technical Experts Meeting convened in March 2012, IAEA Department of Nuclear 
Safety and Security Deputy Director General Denis Flory itemized a number of Fukushima-related issues 
to be resolved.  An IAEA news release [6] reporting on the event provided the following summary of his 
statement regarding accident monitoring and accident management: 

 
“During the Fukushima Daiichi accident, the plant operators had no reliable instrumentation to 

monitor essential safety parameters such as the reactor temperature and coolant level. [The Director 
General] identified "a need for updated principles for accident monitoring instrumentation," as a 
basis for developing national and international standards.”   
 
The March 22, 2012 Summary of the Expert’s Meeting concluded “the I&C systems necessary for 

monitoring of critical safety parameters during any accident condition should be hardened.”  One of the 
items on the IAEA Fukushima Draft Action Plan on Nuclear Safety identified that research and 
development should be conducted in the area of nuclear safety, technology and engineering, calling for 
specific research in the area of post-accident monitoring systems capable of operation under extreme 
harsh environments. 

   
The IAEA Departments of Nuclear Energy and Nuclear Installation Safety recently completed a draft 

report [5] containing guidance for addressing design criteria when developing accident monitoring 
systems.  Among these are:  

 
• “Designated instrumentation should be capable of performing their functions in the 

environment required and for the timeframe required. An appropriate monitoring system 
composed of robust and suitable instrumentation powered by independent and reliable power 
supplies is required for this purpose”; and  

• “When designing new or upgrades to existing accident monitoring systems, considerations 
should include installation requirements that address the adverse effects of severe accidents 
on accident monitoring instrumentation. . .” 

4 U.S. REGULATORY PERSPECTIVES 

4.1 Applicability of Current US Regulations and Guidance 

4.1.1 Regulations 

General Design Criterion 13 of Appendix A to 10 CFR Part 50 requires that instrumentation shall be 
provided to monitor variables and systems over their anticipated ranges for normal operation, for 
anticipated operational occurrences, and for accident conditions as appropriate to assure adequate safety.  



(Emphasis added.)  In the post-TMI 2 accident time frame, several accident monitoring issues with regard 
to the TMI-2 accident lessons learned were evaluated and dispositioned.  Among these were TMI-2 
Action Plan Items II.F.1, II.F.2, and II.F.3, arising out of NUREG-0660, but later dispositioned in 
NUREG-0737 and its Supplement 1.  Specifically, these were: 
 

II.F.1  “Provide instrumentation to measure, record and readout in the control room: (A) 
containment pressure, (B) containment water level, (C) containment hydrogen concentration, (D) 
containment radiation intensity (high level), and (E) noble gas effluents at all potential, accident 
release points. Provide for continuous sampling of radioactive iodines and particulates in gaseous 
effluents from all potential accident release points, and for onsite capability to analyze and 
measure these samples.” 
II.F.2  “Provide instruments that provide in the control room an unambiguous indication of 
inadequate core cooling, such as primary coolant saturation meters in PWR's, and a suitable 
combination of signals from indicators of coolant level in the reactor vessel and in-core 
thermocouples in PWR's and BWR's,” and 
II.F.3  “Provide instrumentation adequate for monitoring plant conditions following an accident 
that includes core damage.” 
 

Operating reactor licensees identified to the USNRC staff how Items II.F.1 and II.F.2 were being 
addressed at their facilities in their responses to 10 CFR 50.54(f) generic communications regarding 
compliance with NUREG-0737 “Clarification of TMI Action Plan Requirements.”  However, beginning 
with NUREG-0737, Item II.F.3 was not included among the NRC staff letters clarifying the post-TMI-2 
requirements, but was addressed in part through operating licensee responses to generic communications 
regarding compliance with NUREG-0737 and USNRC Regulatory Guide (RG) 1.97, “Criteria for 
Accident Monitoring Instrumentation for Nuclear Power Plants,” Revision 2 guidance.   NUREG-0737 
and RG 1.97 both address the capability of accident monitoring instrumentation to support operator 
actions and emergency responses to plant design basis events.  Specifically, NUREG-0737 clarifies that  
“The qualification environment shall be based on the design basis accident events, except the assumed 
maximum of the value of the monitored variable shall be the value equal to the maximum range for the 
variable. . . No additional qualification margin needs to be added to the extended range variable.  All 
environmental envelopes except that pertaining to the variable measured by the information display 
channel shall be those associated with the design basis accident events.” 

 
However, item II.F.3 was deemed to be “adequate protection” for new reactor applications.  Item 

II.F.3 was codified at 10 CFR 50.34(f)(2)(xix) as a requirement for a group of new light water reactor 
applicants, although none of the pending applications referred to in paragraph 10 CFR 50.34(f) ever 
completed the application process.   Today, however, Part 52 applicants are also required to address this 
issue via 10 CFR 52.47(a)(8).  The content of Chapter 19 of the FSAR for new reactors is required to 
contain a description and analysis of design features for the prevention and mitigation of severe accidents.  
Those features include instrumentation systems needed to provide operators with the information needed 
to implement the severe accident prevention and mitigation features.  The NRC staff reviews the new 
reactor applicant’s analysis of the design for severe accident prevention and mitigation, including the 
applicant’s analysis of equipment survivability. 

4.1.2 Guidance 

Current USNRC accident monitoring regulatory guidance generally applicable to the operating fleet  
(Revisions 2 and 3 of RG 1.97) addresses post TMI-2 design criteria for accident monitoring systems to 
be able to support light water reactor design basis events.  This guidance was developed to address the 
need for accident monitoring systems to support highly-qualified and trained operators in successfully 
implementing upgraded emergency operating procedures for the prevention of core damage, and to 
mitigate design basis accidents with limited core damage.  For example, the measurement ranges for most 



Type B variables (those variables that provide information to indicate whether plant safety functions are 
being accomplished),  do not assume the need for significant additional measurement or qualification 
margin over the design basis accident levels.   (Note also, the TMI-2 event did not result in a reactor core 
relocation outside of the reactor vessel.)  Type C variables (those variables that provide information to 
indicate the potential for being breached or the actual breach of the barriers to fission product release) 
were selected to cover measurement ranges with extended coverage (e.g., drywell pressure measurement 
range up to 3 or 4 times design pressure) but with environmental qualification requirement limits bounded 
by the value for design basis accident events analyzed in Chapter 15 of the FSAR.  Therefore, accident 
monitoring equipment in the current fleet of operating reactors meet qualification criteria based on design 
basis event reactor and containment response, with limited additional margin.  The accident monitoring 
design and qualification criteria in existing guidance do not address the possible severe accident plant 
conditions that can arise through a low frequency of occurrence beyond-design-basis ELAP with a 
concurrent loss of ultimate heat sink event.   

4.2 Need for Re-evaluation of Guidance to Address Appropriate Design Criteria for 
Beyond-Design-Basis Event Accident Monitoring Capability 

With the adverse operating experience of the Fukushima events, the industry is addressing the 
possibility that certain low frequency beyond-design-basis events can occur that result in significant 
consequences, including reactor accidents with significant core damage.  USNRC Order EA-12-049 and a 
future mitigating strategies rulemaking require licensees to implement strategies for coping with an 
extended loss of AC power (ELAP) due to a beyond-design-basis event for an indefinite period of time. 
The US nuclear industry response for the current operating fleet is the “diverse and flexible coping 
strategies” (FLEX) approach.  Under this approach, licensees of operating plants plan to implement 
installed and high-quality commercial-grade portable equipment of appropriate “capacity and capability” 
that is stored and regularly maintained on site to provide temporary electrical power and motive force for 
the operation of mitigating strategy equipment for the early stages of an ELAP, while transportable power 
generation and other event mitigation equipment that has been staged off-site is to be made available for 
use during the later stages.   

 
 Nevertheless, while the nuclear industry is currently considering ways to address beyond-design-
basis events it may be prudent to re-evaluate what should be considered appropriate guidance for accident 
monitoring system design criteria to be applied for the current fleet of US operating reactors.  Revision 4 
of RG 1.97 (applicable primarily for new reactors, but may be voluntarily adopted by licensees of 
operating reactors) states:  “In a related provision in 10 CFR 50.34(f)(2)(xix), the NRC requires licensees 
to provide instrumentation to monitor plant conditions following an accident that includes core damage.  
The underlying basis for this regulation, documented in NUREG-0660, “NRC Action Plan Developed as 
a Result of the TMI-2 Accident,” was that licensees should provide instrumentation “with expanded 
ranges and a source term that considers a damaged core capable of surviving the accident environment in 
which it is located for the length of time its function is required.” 
 
 Regulatory Guide 1.97 Revision 4 endorses, with exceptions and clarifications, IEEE Std. 497-
2002, “IEEE Standard Criteria for Accident Monitoring Instrumentation for Nuclear Power Generating 
Stations.”  Since the time RG 1.97 Revision 4 was issued, IEEE issued the 2010 version of this standard.  
However, the IEEE Accident Monitoring Instrumentation Working Group of the Nuclear Power 
Engineering Committee is currently preparing another revision of the standard.  The Working Group is 
planning to introduce language that provides standards for a new variable type (Type F) that addresses 
both beyond design basis accidents with no fuel damage, and severe accidents.  Type F variables are 
defined to be those variables that provide primary information to the control room operators and accident 
management personnel to indicate the results and effects of fuel damage.  Criteria appropriate for Type F 
variables include the specification of required operating time, environmental qualification considerations, 



independence of power supplies from design basis-related power supplies, and the need for a survivability 
analysis to be performed.     
 
 Some industry engineers reason that there is no need for U. S. standards, guidance, or rules 
advocating the enhancement of the performance of reactor and containment instrumentation to be able to 
function and survive the harsh environmental conditions that would accompany the progression of an 
accident to significant core damage conditions.  They argue that the emergency operating procedures and 
severe accident management strategies already have provisions for contingency actions in the event that 
the available instrumentation becomes unreliable during the course of an accident.  But, operators and 
technical support center personnel need to have reliable indication of at least a key set of thermodynamic 
parameters to enable them to assess the status of the reactor and containment and make appropriate 
accident mitigation decisions. 
 

The NRC staff is willing to work with representatives of the U.S. nuclear industry (licensees and 
vendors), research organizations, and academia to identify practical approaches for enhancing the severe 
accident performance of a small set of key reactor and containment accident monitoring instrument 
channels (e.g., reactor, containment, and suppression pool pressure, temperature, and water levels, as well 
as hydrogen concentration) to minimize the uncertainty of such instrument channel performance during 
reactor accidents with significant core damage.   
 

5 ACCIDENT MONITORING DESIGN CRITERIA TO BE CONSIDERED 
WHEN ADDRESSING BEYOND-DESIGN-BASIS EVENTS 

Common among the recommendations made by multiple national and international science and 
technology experts are the need for enhanced reliability and robustness of accident monitoring instrument 
channel power supplies, and the need for survivability of key accident monitoring instrumentation during 
reactor accidents with significant core damage.  Additional recommendations in several reports include 
the enhancement of hydrogen monitoring capability.   

5.1 DC Power Supply and Independence Considerations 

As described above, the loss of DC control power was a key contributor to the sequence of events 
leading to core damage at Fukushima Units 1, 2, and 3.  Also, without reliable DC power, plant operators 
could not readily ascertain key reactor and containment water level, pressure, and temperature properties.  
During the time brave and resourceful TEPCO plant personnel were scrambling to implement ad hoc 
efforts to restore power, valuable time for event mitigation was lost while conditions in the reactor core 
continued to degrade.  The IAEA task force described in Section 3.3 above recommended that key 
accident monitoring parameters designed to support beyond-design-basis and severe accident mitigation 
functions should be dedicated for such service, and should be designed accordingly.  This means these 
key severe-accident mitigation support instrument channels should be powered independently of design-
basis instrument channels.  For example, such dedicated instrument channels could have their own 
dedicated DC power supplies with sufficient storage capacity to power the instrument channel until 
reliable power can be restored.   

 
With the FLEX strategy, efforts are being proposed to prolong the availability of plant DC power 

sources, through the manual shedding of unnecessary DC loads, and through the connection of battery 
chargers powered by portable generators.  Although likely to be effective, this strategy takes time and 
critical resources to implement.  If certain key reactor and containment pressure, temperature, and water 
level instrument channels already had dedicated power supplies and high reliability control air (e.g., 



appropriately “beyond-design-basis event”-sized pneumatic accumulators to operate relief and other 
safety system valves,) operators would be able to continue accident mitigation steps uninterrupted.   

 
Efforts should also be made to develop regulatory guidance for analyzing and enhancing the 

reliability of first-line-of-defense core isolation and decay heat removal cooling systems for BWRs and 
auxiliary feedwater systems for PWRs.  Vulnerability analyses of the control power for such systems 
should be performed.  Investigations and analyses should be made to harden such systems against the 
possible loss of all AC and DC power.  For example, it may be possible for the governor control systems 
of RCIC and auxiliary feedwater pump turbines to be operated off of an auctioneered, shaft-mounted 
permanent magnet generator in the event of a loss of DC control power.   

5.2 Environmental Compatibility 

 
Instrumentation systems relied on by operators to provide key reactor and containment status 

information during accidents with the potential for significant core damage should, as a minimum, be 
analyzed for their ability to survive well into the accident progression.  As a minimum, such 
instrumentation should be able to survive so operators can rely on them for information needed to prevent 
an uncontrolled offsite release due to a breach of the containment.  Such analysis should include 
environmental testing to determine the limits to which key reactor and containment instruments are still 
capable of providing reliable plant status information.  Operating procedures and accident management 
guidelines should incorporate information gained from such testing, and reflect the point at which the 
readings from such instrumentation may no longer be considered reliable.  Consideration should be given 
to selecting and replacing a select number of containment temperature sensors with ranges extending 
beyond the current ranges.   Regulatory research should be conducted, culminating in appropriate 
regulatory guidance with criteria for testing and survivability analyses.  

 

6 CONCLUSIONS 

As a defense-in-depth measure, the U.S. operating fleet should consider the implementation of 
practicable enhancements to a limited set of key reactor and containment pressure, temperature, and water 
level instrumentation monitoring channels to provide reliable reactor, containment, and suppression 
chamber status indications under beyond-design-basis event conditions.  Power supplies to support the 
operation of key accident mitigation system controls and accident monitoring instrumentation that are 
independent of the permanent plant design basis DC system should also be considered.  Even though 
emergency operating procedures and severe accident management guidelines may provide contingency 
directions for operators in the event of a loss of indication from designated instrument channels, these 
steps should be considered for implementation as additional defense-in-depth measures supporting 
accident events considered to be beyond-design-basis.  It is good to have such procedural contingency 
actions, but it is better to have reliable indication to be able to confirm that the contingency action is being 
effective.  Regulatory guidance should be developed to characterize the level of defense in depth that 
should be applied to accident monitoring instrumentation to support beyond-design-basis event 
mitigation.  To identify possible enhancements, a task force made up of representatives of industry 
(licensees and vendors), industry research organizations, DOE Laboratories, USNRC, and academia 
should be chartered and convened, and work should begin to enhance the defense-in-depth capability of 
accident management.  The public meeting and workshop process could be used to facilitate this effort. 
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