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Abstract

EPRI is working cooperatively with the U.S. Department of Energy
(DOE), U.S. Nuclear Regulatory Commission (NRC), Nuclear
Energy Institute (NEI), and domestic and international utilities,
national laboratories, dry storage vendors, and research and
development organizations to improve knowledge related to the
internal environment of dry storage systems. One approach identified
in this work is the potential opportunity to enable the use of sensors
in locations with extreme radioactive environments to measure
environmental parameters such as peak cladding temperature. If
successful, these sensors could be used in a variety of potential
applications where direct measurements could be useful in extreme
environments such as high-level waste tanks, deep geologic
repositories, etc.

This report summarizes activities performed in support of developing
the performance requirements that might be expected of sensors used
in highly radioactive environments, with a focus on different aspects
of the spent fuel lifecycle (i.e., storage, transportation, and disposal).
EPRI hosted and facilitated a workshop with subject matter experts
from the DOE, NRC, national laboratories, domestic and
international utilities, dry storage vendors, and other R&D
organizations related to the performance requirements expected from
sensors for back-end operations. In addition, a survey questionnaire
on desired sensor attributes and performance was also developed for
the subject matter experts, and the responses were gathered and are
summarized in this report.

Keywords

Spent fuel
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EXECUTIVE SUMMARY

Deliverable Number: 3002021192
Product Type: Technical Report

Product Title: Performance Requirements for Remote Sensors in Spent Fuel
Operations: Summary of Stakeholder Inputs on Dry Canister Storage, Transportation
and Disposal

PRIMARY AUDIENCE: UF-HLW Program Members
SECONDARY AUDIENCE: EPRI ESCP group

KEY RESEARCH QUESTION

The use of sensors in spent fuel storage applications has been identified as a way to enable opportunities for
a more balanced approach to spent fuel. By reducing certain margins while ensuring the public health and
safety is maintained and reducing worker dose, an overall increase in safety can be achieved. This report
summarizes initial information-gathering exercises used to define performance requirements for sensors in
spent fuel storage applications.

RESEARCH OVERVIEW

An initial step in defining the desired performance characteristics for the types of sensors that might be used
for spent fuel storage included a two-day workshop on sensors for spent fuel operations. The presenters and
the attendees were stakeholders from various areas of spent fuel management, including storage,
transportation, and disposal. The workshop was used to introduce a survey designed to elicit stakeholder
input related to sensor attributes and performance characteristics. This report summarizes the results of the
workshop and the survey.

KEY FINDINGS

e The temperature of the cask/canister internal environment is strongly supported as an attribute of
interest for use in casks/canisters under Storage Operations, Transport Operations, and Disposal
Operations.

o If sensors are to be used that are internal to the cask/canister, the strongly supported method of data
transmission is a wireless remote method.

o Some stakeholders expressed the view that sensors are best used as information-only. However,
other stakeholders noted that the cost of implementing sensors would generally be expected to be
offset by reductions in regulatory burden. For this to occur, sensors would need to take on a safety-
related role.

o Many stakeholders noted that the reliability requirements of sensors increase substantially if the
sensors will be used for licensing or regulatory benefit.

WHY THIS MATTERS

By defining the attributes and uses for sensors that are desired by stakeholders of spent fuel operations,
research can be focused on developing sensors that meet these use cases.
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EXECUTIVE SUMMARY

HOW TO APPLY RESULTS

The spent fuel storage sensor performance requirements discussed during the workshop and elicited in the
stakeholder survey can be used to focus future research for spent fuel sensor implementation.

LEARNING AND ENGAGEMENT OPPORTUNITIES

e This work presents the views of a variety of nuclear stakeholders, including industry members, EPRI,
the U.S. Department of Energy, multiple U.S. national laboratories, equipment developers, and system
vendors. Opportunities for learning and engagement among these entities are promoted by EPRI
during the bi-annual meetings of the Extended Storage Collaboration Program (ESCP).

EPRI CONTACT: Dr. Aladar Csontos, Technical Executive, acsontos@epri.com

PROGRAMS: Nuclear Power, P41; and Used Fuel and High Level Waste Management, P41.03.01

IMPLEMENTATION CATEGORY: Reference

Together...Shaping the Future of Energy™

Electric Power Research Institute
3420 Hillview Avenue, Palo Alto, California 94304-1338 « PO Box 10412, Palo Alto, California 94303-0813 USA

800.313.3774 » 650.855.2121 + askepri@epri.com * www.epri.com
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Section 1: Introduction

Background

EPRI is working cooperatively with the U.S. Department of Energy (DOE),
U.S. Nuclear Regulatory Commission (NRC), Nuclear Energy Institute (NEI),
and domestic and international utilities, national laboratories, dry storage
vendors, and research and development organizations to benchmark thermal
models used to ensure spent fuel integrity. Regulatory guidance identifies the
need to maintain the maximum cladding temperature experienced by loaded
spent fuel into Dry Cask Storage System (DCSS) canisters to remain below
400°C during short-term loading operations, storage, and transportation.
Thermal analyses using computational fluid dynamics (CFD) are frequently
performed to ensure the peak cladding temperature remains below the regulatory
limit. Currently, design licensing basis thermal models use bounding assumptions
and engineering margins to account for various uncertainties in the data and
analysis methodology. This approach could lead to longer than necessary fuel
cooling times in spent fuel pools, reduced capacity of dry storage systems, and
could introduce operational limitations preventing measures to further reduce
worker doses. Moreover, bounding approaches could lead models to overpredict
external wall temperatures, resulting in potentially non-conservative corrosion
initiation estimates.

To examine this issue, EPRI initiated a blind round-robin research project
comparing analytical CFD thermal analyses to actual measurements from the
High Burnup (HBU) Fuel Demonstration Project. The results indicate that the
bounding assumptions used in design licensing basis thermal models significantly
bias the results to the high side. These results significantly reduce the concerns
for the potential embrittling effects of hydride reorientation in HBU fuel during
short-term operations and dry storage since temperatures were found to be lower
than predicted and much lower than the 400°C regulatory limit. Furthermore,
this project identified potential benefits associated with more accurate thermal
models to include:

*  More efficient loading which translates into fewer casks loaded,

*  Shorter minimum required cooling times enabling shorter decommissioning
timeframes

* Improved operational flexibilities that could reduce worker doses by allowing

additional shielding blankets to be emplaced during loadings
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* Additional fuel loading patterns to accommodate more diverse fuel
assemblies like higher burnup fuel leading to additional loading flexibilities,
and

*  More efficient repository designs and footprints, leading to significant
savings and more efficient use of costly geologic repositories

As a follow-on activity to the thermal modeling project, subject matter experts
from the NRC, DOE, national laboratories, EPRI, vendors, and utilities
participated in an expert elicitation using the Phenomena Identification and
Ranking Table (PIRT) process to identify, quantify and rank the uncertainties
tor thermal modeling and regulatory limits on fuel performance during storage
operations. Regulators have used this process in the past to provide them with an
independent expert assessment to support their decision-making, and any
technology and/or methodology developments that could further focus research
and development needs such as additional testing or model benchmarking. This
process has been shown to be an effective tool to accelerate the integration of new
methodologies and advanced technologies in the nuclear industry.

The PIRTS evaluated the performance margins and enabled potential
opportunities for a more balanced approach by reducing certain margins but
ensuring the public health and safety is maintained while reducing worker doses
which increases overall safety. Another approach identified in the Thermal
Modeling PIRT was the potential opportunity to enable the use of sensors in
locations with extreme radioactive environments. The idea is to use
measurements in lieu of modeling to show that licensees meet the peak cladding
regulatory limits of 400°C for spent fuel. If successtful, these sensors could be used
in a variety of potential applications where direct measurements could be useful
in extreme environments such as high-level waste tanks, deep geologic
repositories, etc.

Approach

A broad approach was taken to define the desired performance characteristics for
the types of sensors that might be used in the extreme radiation environments

typified by spent fuel storage.

The first step in this approach was to plan, host, and facilitate a two-day
workshop on sensors for spent fuel operations. The presenters and the attendees
were stakeholders from various areas of spent fuel management, including
storage, transportation, and disposal. The workshop participation was
international, with attendees from multiple countries. Presentations were given
providing multiple perspectives on potential uses of sensors, including those
from: 1) research institutions, 2) national laboratories, 3) equipment developers,
and 4) industry members.

The workshop was also used to introduce a survey questionnaire that covers
aspects of sensor performance. The attendees of the workshop were invited to
participate in the survey, with a goal of gathering desired sensor characteristics
from a broad representation of stakeholder within the spent fuel community.
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The presentations and video recordings from the Workshop on Sensors for Spent
Nuclear Fuel Operations can be downloaded from this URL:

https://epri.app.box.com/folder/128055876838?s=kfudfyupp8v8dk7v95ixp9fmedl
8847h
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Section 2: Canister Workshop Summary

In December 2020, a two-day workshop was held on the topic of using sensors in
spent fuel operations. The purpose of the workshop was to begin a process that
will accelerate the development and qualification of remote wireless sensors for
spent nuclear fuel operations. The workshop included presentations related to
remote sensor applications in spent fuel operations and sought to generate
stakeholder input on items such as key attributes/benefits, functional criteria, and
survivability/reliability of sensors in spent fuel operations. These concepts were
explored across the range of spent fuel operations, defined as Dry Storage (i.e., at
a site), Transportation, and Disposal.

Workshop Agenda

The following presentations were given during the workshop:

* High-Burnup Demonstration (HBU Demo) Cask Thermocouples: Benefits
and Challenges of Wired Thermal Sensors

* Sensor Options and Lessons Learned for the EPRI/DOE High-Burnup

Demonstration Cask
* U.S. Industry Perspectives on Cask Sensors

* Development of a Sensor System for Long-Term Remote Monitoring of
Internal Conditions of NUHOMS 32TPTH Canisters

* Non-Intrusive Temperature and Pressure Wireless Sensor and Transceiver

System for Spent Fuel Assemblies in Dry Storage Casks
» JAEA Activities to Include Sensor Developments

» SNF Transportation Triathlon: DOE International Multi-Modal Surrogate
Spent Fuel Transportation Test

= SKB Perspectives on Sensors for Spent Fuel Operations

* Challenges of Monitoring Long-term Nuclear Waste Storage
Summary of Presentations and Discussion

The following is a summary of each presentation from the workshop along with
topics related to sensors that were covered during the discussion.
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High-Burnup Demonstration Cask Thermocouples

Discussion during the presentation included:

Measurements were desired for: 1) internal temperature measurement,
2) external temperature measurement, 3) internal gas sampling, and
4) internal pressure

Wireless sensors were not selected for the HBU Demo cask due to:
1) licensing risk, and 2) the time required to qualify the sensors.

While designing the thermocouple lances, one significant challenge was
needing to consider dimensional tolerances and slack in defining the lance
locations.

There was an operational risk that the cask would fail leak test that increased
with each thermocouple seal that was added.

The recommendation from the experience is to install sensors on the inside
of the confinement before loading, and take readings without wires.

Questions and comments during the presentation related to sensors included:

Comment: If the HBU Demo cask were for a longer-term initiative, we
should not preclude the use of sealed penetrations. My experience is that
wireless sensors will be difficult to implement in a cask system.

Response: Agreed

Question: Can you discuss how penetrations affect eventual transportation?
Response: An analysis was needed to demonstrate that the penetrations
wouldn’t slide during transportation. The side-drop case was limiting.

Question: What is the expected lifetime for these thermocouples?
Response: Ten to twenty years

Question: Do you think you'll need regular instrumentation of licensed
storage casks in the future? Response: We need to develop the capability and
we need to be smart about what we'll require of the instrumentation (e.g.,
validation efforts or data on hundreds of casks). We need to consider using
measurements of the internal environment, instead of relying on models.

Question: What parameters do you think would need to be measured over
long durations? Response: Temperature is one, gas composition is another.
Gas composition could demonstrate helium is still present in the case of a

through-wall crack.

Question: Were the thermocouples tested under high radiation conditions?
Response: Yes, they are the same as used inside the reactor. The utility
pushed for off-the-shelf and qualified components.

Question: Could thermocouple penetrations used for the bolted cask be used
in a welded canister? Response: Thermocouple lances in a welded canister
system would be more difficult because there is much more limited space
between the canister and the overpack/cask. It could be done, but would
require more design effort to reduce the size of the external package.
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Sensor Options and Lessons Learned for HBU Demo

Discussion during the presentation included:

Design challenges: it was very important that the hardware must be
compatible with the design constraints of the candidate storage cask;
corrosion, environment, etc. compatibility

Meeting with the NRC demonstrated they did not want penetrations.
Thermocouple lances were okay, but nothing else and they needed an
already-qualified penetration. The potential for loss of confinement was
paramount to the NRC. Additionally, because you can’t open the cask, there
can be nothing inside the cask that can affect the contents and nothing that
can break during transport.

Design concepts that were rejected included:

- Sample bottles at the top — risk to confinement integrity

- Sample bottles in the cask — risk to internals

- External sensors — considered unproven at the time (2014)
- Instrument well — confinement risk

- Sapphire window — could break in topover

Questions and comments during the presentation related to sensors included:

Comment: The discussions with the NRC related to risks to confinement
integrity highlights the fact that any design needs to meet the criteria set
forth in regulations and associated guidance.

Question: Please provide more information about the concern from the
regulator related to sensors breaking and internals. Response: Internal
sensors with batteries inside the canister was a “bridge too far” for the
regulators to accept at the time. The concerns about the external penetrations
and the sensors breaking was related to loss of confinement.

Industry Perspective for Sensors

Discussion during the presentation included:

Advantages to using sensors include:
- Allow additional fuel to be loaded sooner, due to known temperatures

- Reduce restrictions during loading operations (time limits, 3-day rolling
temperature recording)

- Providing “true” temperatures may help with aging management
evaluations of canisters and canister materials

<23 >



Challenges to using sensors include:

- New technical specification could lead to licensing and compensatory
measures requirements

- Additional equipment could result in additional preventative and/or
routine maintenance requirements, spare parts, and procedures

- Questions about whether the technology will become obsolete, with parts
unavailable or not supported by the vendor

- Concerns about reliability for sensors, considering the challenges of the
ISFSI external environment (wind, snow, rain, extremes of high and low
temperatures including solar insolation).

- Concerns about data retrieval and what evaluations will be required for
the data. Additional site resources and/or equipment may be required for
the sensors.

The benefits of sensors will need to be more significant than what’s been
shown so far by the HBU Demo thermocouples due to the challenges
associated with implementation.

Questions and comments during the presentation related to sensors included:

Question: Could the additional data provided by sensors improve public
confidence in spent fuel storage? Response: It is better to do what is
technically correct; the additional information may or may not improve
public confidence.

Question: Why would there be additional Tech Specs imposed on remote
sensors for dry storage operations, if there were no change to the operations
themselves? Wouldn’t there have to be some kind of change? Response: The
cask designer will need to identify the licensing strategy they pursue if
sensors are used.

X-Wave Innovations Canister Internal Sensors

Discussion during the presentation included:

System consists of Surface Acoustic Wave (SAW) sensors and Bulk Acoustic
Wave (BAW) transducers

SAW sensors used to measure values of interest, including: 1) temperature,
2) pressure, 3) relative humidity, and 4) hydrogen gas concentration.

BAW transducers used for wireless acoustic communications from inside the
canister to outside the canister.

Changes in measurement variables result in changes to the acoustic wave that
are detected by the SAW
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SAW sensors feature high temperature and pressure operation, perform well
after water submersion and vacuum drying, and saw no performance
degradation after 2,400 Gy gamma irradiation.

Also working on thermoelectric harvester to use canister heat differential
from interior to shell as a means of generating energy.

Questions and comments during the presentation related to sensors included:

Question: Does the system store data that can then be sent to the exterior, so
that you get a lot of data in a single data dump? Response: For the
thermoelectric powered sensor, no. However, you can collect data over time
on an external system. You can also design an externally powered system that
powers up only when you want to capture data.

IAEA Perspectives on Sensors

Discussion during the presentation included:

TAEA Coordinated Research Projects (CRPs) bring together research
institutes to collaborate on research topics of common interest. Project
duration is around 3-5 years.

New CRP to start in 2022 on aging management programs for dry storage
systems focusing on behavior/performance of spent fuel storage systems. This
CRP has the possibility to include sensor development for storage system
monitoring.

Personal Opinion (not IAEA position) on considerations for sensors in dry
storage systems

- Itis expected that the sensor lifetime will be below storage duration
- There should be no dependency on an active component

- Internal condition monitoring should not be designated as an essential
safety feature. Instead, it should be considered an add-on to provide
supporting information.

Personal Opinion (not IAEA position) on a wish list for sensors in dry
storage systems

- Wireless data transmission (no penetrations)
- Lifetime of up to 40 years is desirable

- Sensor data of interest: humidity, temperature, pressure, gas composition
measurement

- Continuous online reading is preferred to permit trend identification

- Self-surveillance functions to indicate a sensor defect

25>



Personal Opinion (not IAEA position) on regulatory aspects for sensors in
dry storage systems

- Sensor material should be already used in nuclear applications with a
similar high radiation environment, with a known aging behavior

- The sensor should be classified as not related to safety

Questions and comments during the presentation related to sensors included:

Question: What is your basis for selecting a desired 40-year lifespan for
sensors? Response: It is based on a 40-year license interval, not technical.

Comment: Temperature data for the first two weeks could be used for
regulatory compliance, and data after that time period could be
informational.

Comment: I see no need for sensor data for regulatory compliance, either in
the current framework or any reasonable future framework. Sensor data may
be appropriate for long-term confirmatory issues, but leave them out of Tech
Specs. They are not needed to provide reasonable assurance of adequate
protection.

Question: Could replaceable external sensors be relied on as part of a safety
case? Response: If they can be easily (low dose) replaced, then it could be
better. A key issue is can you reliably detect information of interest from the
outside of the canister.

Comment: I feel it is important to keep the required technology passive.
Given technology advancements, sensors can be added to help us gain data
on the ageing health of the casks/canisters, but we should not put ourselves
in the position of requiring these sensors in systems. The sensors should be
an added optional safety measure.

Comment: Perhaps we should have a discussion about whether sensors
should/could be used for anything beyond R&D, specifically regulatory
compliance.

Comment: There is an NRC report on monitoring: Available Methods
for Functional Monitoring Dry Storage Systems, Accession No.
ML14323A067.

Westinghouse Sensor Development

Discussion during the presentation included:

Sensor description

- Sensor technology derived from Westinghouse Accident Tolerant Fuel
(ATF) in-rod sensor development

- Wireless sensor located inside dry cask steel canister provides real time
data such as temperature and pressure. The sensor does not require
penetrations to the canister. Multiple sensors can be interrogated
simultaneously.
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- Sensor lifetime > 40 years (based on 3.5x10%rad estimate for 40-year
storage time)

- Long term maximum operating temperature of 425°C

* Sensor application can be used to enable removal of all spent fuel from the
pool 1.5 years after shutdown. Wireless sensors permit monitoring of fuel
peak cladding temperature during canister loading and transfer to the ISFSI
pad.

» Technology overview

- Pulse induction methods provides simplicity over other powered
approaches

- Minimum number of components
- Sensor and reference resonant circuits operate at different frequencies

=  DOE SNF Canister Sensor Overview

- In-canister wireless sensor transmits temperature and humidity
measurements

- Sensors located at three axial locations

- Other sensors and receiver located on canister lid

Questions and comments during the presentation related to sensors included:

*  Question: Can a measurement from a fuel assembly at the center of a full
cask be transmitted to outside of storage systems overpack and/or a
transportation overpack? Response: Any limit can be overcome by power in
transceiver; using a low duty cycle of measurements (maybe 1/day), you can
pump power for short time.

*  Question: How many sensors can be deployed? How reliable are they?
Response: Need a reference for sensor assembly, and multiple sensors are
needed for redundancy. Ten sensors (for example) would need multiple
transceivers, since there is a limit to how many sensors can be used on one
transceiver.

DOE Transportation Tests

Discussion during the presentation included:

* Video demonstration of multi-modal transportation test with acceleration
measurements stored over long time periods.

Questions and comments during the presentation related to sensors included:

*  Comment: What sensors are needed for transportation will be an important
topic - for the community to address in questionnaire.

*  Question: Are the sensors wireless? Response: The sensors were not
wireless. The cask lid was modified to get the cables through the lid and into
the instrumentation box.

< 27>



SKB Perspective

Discussion during the presentation included:

* SKB decided to cut in half the amount of decay power permitted in a
transport cask. Better information would be valuable to reduce conservatism.

Questions and comments during the presentation related to sensors included:

*  Question: Knowing the temperatures vs a model could be beneficial; could
you put more waste into repository by storing closer? Response: The primary
parameter of a geological repository is the thermal situation, including the
ability to validate temperatures. We already measure temperatures in places.

UK Nuclear AMRC - Challenges of Monitoring Long-term
Storage

Discussion during the presentation included:

*  Proof of concept project on smart sensors for long-term waste storage

* Among other issues - package is already defined, how do you fit monitoring
within existing design.

*  Challenges discussion:

Wireless vs wired

Reliability: 40-year life hasn’t been demonstrated
Survivability

Power supply

Data transmission: wired inside canisters and wireless transmission to the
outside

Attachment: integrated to the canister or attached

<28 >
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Section 3: Canister Sensors Requirements
Survey Summary

The final presentation at the December workshop on sensors for spent fuel
operations was a review of a survey targeted at eliciting from subject matter
experts and stakeholders the desired requirements for sensors in spent fuel
storage. This section presents a summary of the survey and a summary of the
survey responses.

The survey presented a total of 17 questions, with the questions organized in
pages grouped around five topics related to dry storage sensors. The responses to
the questions were generally open text fields; survey participants were asked for
their response(s) to the question plus an explanation of why the response(s) were
selected.

Page 1: Respondent Information

The questions on this survey page were centered on gathering basic information
about the survey participants.

Question 1: Contact Information

This section requested basic contact information for each participant. A total of
30 participants provided responses in the survey.

Question 2: Stakeholder Area of Interest

Three different areas of interest were identified in the survey; multiple selections
were permitted, so a participant could select one, two, or all three areas of
interest. The selections were: 1) Storage Operations, 2) Transportation
Operations, and 3) Disposal Operations.

Of the three options, the following areas of interest were indicated:

= Storage Operations: 30/30 responses

* Transportation Operations: 22/30 responses

* Disposal Operations: 17/30 responses
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It is noted that these three areas of interest are repeated throughout the survey
response. Many of the questions had three text boxes, corresponding to these
three areas of interest, permitting respondents to provide input specific to each
area of interest as desired.

Page 2: Sensor Atiributes

The questions on this survey page were focused on defining the attributes of
interest for the sensors.

Question 3: Key Attributes

The text of the question is: “Identify the key attributes to sense (e.g.,
temperature, relative humidity, helium, oxygen, hydrogen, Kr85 fission gases,
thermal gradients, gas concentrations, etc.) and purpose (i.e.,
operational/regulatory safety/performance objectives) for sensing those
attributes.”

A total of 25 responses were provided to this question. Highlights of the

responses are as follows:

» Temperature was cited as a key attribute in 80% of Storage Operations
responses and in 70% of Transportation Operations responses, substantially
higher than any other attribute.

» The two most preferred attributes for Disposal Operations were temperature
(40%) and humidity (33%).

*  Other key attributes cited for Storage Operations include thermal gradients
(30%), humidity (33%), gas components such as Kr85, oxygen, and helium
(20% each), and canister internal pressure (20%)

= Other key attributes cited for Transportation Operations include gas
concentrations (30%) and acceleration (25%)

*  Other key attributes cited for Disposal Operations include gas
concentrations (30%) and external corrosion.

Question 4: Internal vs External Sensors

The text of the question is: “For the sensor attributes previously identified in
Question 3, indicate whether internal and/or external sensors can be used to
satisfy the objectives previously identified.”

A total of 24 responses were provided to this question. Highlights of the
responses are as follows:

» The responses for this question were split evenly between internal and
external sensors for Storage Operations, Transportation Operations, and
Disposal Operations responses. A small number of responses said either
would work.
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Question 5: Remote vs Wired Internal Sensors

The text of the question is: “Wired internal sensors require through-wall
penetrations of casks/canisters. Recent innovations may enable the use of wireless
sensing with remote power instead. There are advantages and disadvantages for
each method. Indicate the preferred sensing method [remote/wired] and why the
method is preferred.”

A total of 24 responses were provided to this question. Highlights of the

responses are as follows:

= The preferred method (80% of responses) for Storage Operations,
Transportation Operations, and Disposal Operations responses was
remote/wireless sensors.

* Comments on these responses noted that penetrations for canisters/casks are
generally not preferred.

Page 3: Remote Sensors

The questions on this survey page were focused on defining desired performance
characteristics for remote sensors.

Question 6: Sensor Lifetime

The text of the question is: “I'raditionally, sensors do not survive in extreme
environments for extended periods of time. What is the minimum lifetime
needed and the aspirational lifetime desired for the sensor attributes previously
identified in question 3?”

A total of 21 responses were provided to this question. Highlights of the
responses are as follows:

* Responses under Storage Operations were in the range of 3 years to
100 years, with 10 years the most common answer (35%).

* Responses under Transport Operations were in the range of 5 years to

20 years.
* Reponses under Disposal Operations were in the range of 5 years to
500 years, with 10 years the most common answer (40%).

Question 7: Environmental Qualification

The text of the question is: “Indicate the conditions for which remote sensors
need to be qualified (e.g., short-term operations like pressure/temperature
differentials and flooded conditions, intense radiation fields,
handling/seismic/transportation loads).”
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A total of 21 responses were provided to this question. Highlights of the

responses are as follows:

* The most preferred response for Storage Operations (70%), Transportation
Operations (45%), and Disposal Operations (50%) was radiation/intense
radiation fields.

* The next most preferred response for all three Operations was temperature.
Other responses included flooded conditions and seismic loads.

Question 8: Remote Data Collection (Sensing, Transmission, and
Receiving Options)

The text of the question is: “Recent innovations in inspection systems have
enabled use of robotic delivery systems that can also be used for periodic data
collection. For the sensor attributes previously identified, indicate if periodic data
collection would satisfy the objectives previously identified in question 3.”

A total of 21 responses were provided to this question. Highlights of the

responses are as follows:

» The preferred response (80% of responses) for Storage Operations and
Disposal Operations responses was Yes periodic collection of data would
satisfy the objectives of the sensors.

» The responses for Transportation Operations indicated that neither periodic
nor continuous data collection were needed. Instead, collection of data at the
beginning and at the end of transportation were indicated as sufficient.

Page 4: Implementation of Sensors

The questions on this survey page were focused on defining the ways in which
sensors could be implemented in canisters.

Question 9: Single vs Multiple Sensors

The text of the question is: “For the sensor attributes previously identified in
Question 3, indicate if multiple sensors would be desired in order to meet the
objectives previously identified.”

A total of 20 responses were provided to this question. Highlights of the
responses are as follows:

*  Multiple sensors were preferred to single sensors by a margin of roughly 60%
for multiple sensors preferred to 40% for single sensors preferred.

*  One respondent noted that single sensors can be helpful for event analysis,
and multiple strategically placed sensors would be needed for model
validation.

<34 >



A thread noted among those preferring single sensors is that single sensors
could be used in multiple casks/canisters to provide information distributed
across the installed population. One respondent preferred single sensors
while noting that sensors should be considered an information-only
enhancement, rather than a safety-significant data source.

One thread noted among those preferring multiple sensors is that multiple
sensors would be needed for redundancy (i.e., to protect against sensor
malfunction), especially if the sensors would be credited for safety function.
Another thread focused on the ability of multiple sensors to provide
information about temperature or other attribute gradients within a canister.

Question 10: Sensor Reliability

The text of the question is: “For the sensor attributes previously identified in
Question 3, indicate how sensor reliability issues (e.g., potential for false calls,
single point of failure, regulatory considerations, etc.) should be addressed.”

A total of 19 responses were provided to this question. Highlights of the
responses are as follows:

Respondents indicated broad support for both highly reliable sensors and for
redundant sensors to address concerns of sensor reliability issues.

- Multiple respondents highlighted a desire for sensors to incorporate a
self-monitoring function to indicate defects.

- Some respondents noted that the reliability requirements could be
reduced if multiple sensors are used.

- One respondent noted the need for a robust modeling and
instrumentation methodology to define alarm setpoints for the sensors.

Respondents indicated that reliability requirements for sensors would be
related to the extent to which the sensors form part of the regulatory basis of
canister conditions. One respondent noted that if sensors are considered
information only, this would reduce the reliability requirements for them.

Question 11: Sensor Reliability over Time

The text of the question is: “For the sensor attributes previously identified in
Question 3, indicate the importance for sensor reliability over time for regulatory
considerations (e.g., aging management, important to safety function
requirements, etc.).”
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A total of 20 responses were provided to this question. Highlights of the

responses are as follows:

* Respondents noted that the time-sensitive nature of sensor reliability was
dependent on a given sensors use case. If the data from a sensor is required
during and immediately following drying operations, then there is no
requirement for long-duration reliability.

* Some respondents indicated a desired use of sensors to support aging
management issues, which would then place high importance on long-
duration reliability.

Question 12: Distribution of Sensor(s) and Sampling

The text of the question is: “For the sensor attributes previously identified in
Question 3, indicate how sensors should be distributed (i.e., multiple sensors in
one cask, one sensor in multiple casks, multiple sensors in multiple casks) in
order to meet the objectives previously identified in Question 3.”

A total of 20 responses were provided to this question. Highlights of the
responses are as follows:

*  More than half of the respondents were in favor of implementing multiple
sensors in multiple casks. Respondents indicated the influencing factors of
redundancy for multiple sensors and broad data availability from multiple
casks.

* About 25% of respondents were in favor of multiple sensors in one cask, and
about 25% of respondents were in favor of one sensor in multiple casks.

- Multiple sensors in one cask was favored among respondents interested
in redundancy.

- One sensor in multiple casks was favored among respondents interested
in gathering information.

Question 13: Location of Sensor(s)

The text of the question is: “For the sensor attributes previously identified,
indicate the preferred location for that sensor, within the canister/cask, locations
external to the canister/cask such as overpack or other. Note that a remote sensor
system comprises a sensor and an antenna, and a sensor’s location can be separate
from its antenna location.”
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A total of 20 responses were provided to this question. Highlights of the

responses are as follows:

About half of the respondents indicated that the sensors should be located
inside the cask/canister. These respondents were typically interested in
temperature and pressure inside the canister, or even in the PWR fuel guide
tubes themselves.

About 25% of respondents were in favor of indicated that the sensors should
be located external to the cask/canister, and about 25% of respondents
indicated the desired location depended on the desired sensor function.

- Suggested locations external to the canister included the external surface
of the cask/canister and overpack outlet air vents.

Respondents also noted the need to align the sensor location with the
cask/canister design, striking a balance between the desired sensor
information and the canister design requirements.

A respondent noted that external sensors are replaceable, and therefore
reduce the reliability requirements. Malfunctioning external sensors can be
replaced much more readily than internal sensors, which are effectively
impossible to replace.

Question 14: Effects Considerations

The text of the question is: “Are there potential effects on other safety system
functions that need to be considered for sensor applications?”

A total of 17 responses were provided to this question. Highlights of the
responses are as follows:

Respondents noted that the sensor materials must be compatible with the
canister metals and local environment. This compatibility should include
chemical releases that might occur from the sensor in a high radiation field.

Respondents noted that sensors should be small enough to avoid impacting
flow, including circulating flow inside the canister (for internal sensors) and
convective flow inside the overpack (for external sensors).

A Failure Modes and Effects Analysis (FMEA) was recommended as the
process to use in testing potential sensors and their implementation for
adverse effects on the cask/canister environment.

Page 5: Additional Considerations

The questions on this survey page were focused on additional topics related to
sensors used in canister storage.
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Question 15: Potential Benefits of Sensors

The text of the question is: “What benefits (e.g., streamlined licensing and aging
management, improved public confidence in continued spent fuel storage, etc.)
may be needed in order to justify the costs of sensor implementation?”

A total of 20 responses were provided to this question. Highlights of the

responses are as follows:

* Several respondents identified improved public confidence as a potential
benefit. One respondent noted that members of the public have repeatedly
expressed concern about the safety and confinement integrity of cask/canister
spent fuel storage. However, another respondent cautioned against relying on
sensors for public outreach, due to likely limitations in the total duration of
reliable sensors.

*  Other respondents identified streamlined licensing as a potential benefit.
The ability to run with tighter margin to limits resulting from more data
being available on the storage system was envisioned as a means of cost
benefit from streamlined licensing.

» Use of sensors for aging management was also cited by respondents as a
potential benefit, with increased confidence in system internal and external
conditions potentially leading to reducing inspection burden.

* For Disposal Operations, respondents noted that having information about
the performance of the cask/canister prior to fuel receipt would be valuable in
determining the acceptance criteria and disposition method for an interim or
final repository. One example provided is if re-packaging was not required
because of information provided by sensors, that would provide significant
benefits and cost justification.

Question 16: Potential Risks of Sensor Implementation

The text of the question is: “What are the risks associated with sensor
implementation (e.g., false calls, data reliability, regulatory oversight, public
scrutiny)?”

A total of 20 responses were provided to this question. Highlights of the

responses are as follows:

»  Several respondents identified false calls/data reliability as a potential risk for
sensor implementation. Respondents identified as a concern a false call that
would lead to additional inspection or remediation activities for the canister
or even repackaging the fuel; this type of an event would negate any potential
cost benefits associated with sensors due to operations cost and occupational
dose. Also raised was the concern that a false call would lead to additional
public or regulatory scrutiny.

* The potential for false calls was also used to highlight the need for
confirmatory actions (like multiple sensors), particularly for sensors that are
difficult to verify or replace.
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* Another potential risk identified is if the use of sensors, or the data provided
by the sensors, leads to additional regulatory requirements on cask/canister
storage.

» The risks associated with sensor implementation may influence the types of
sensors desired for pursuit. One respondent noted that external corrosion
sensors would be easier to verify and replace if needed.

Question 17: Other Applications

The text of the question is: “Are there additional possible applications of remote
sensors for nuclear wastes (e.g., nonproliferation, other fuel forms, etc.)?”

A total of 17 responses were provided to this question. Highlights of the
responses are as follows:

*  Many of the responses provided were limited on specific applications, but
expressed confidence that additional uses would be found for sensors in high
radiation environments.

»  Specific examples of other applications cited by respondents included:
- Nuclear waste repositories/waste disposition
- Tracking of parts during decommissioning of power plants

- Non-proliferation, to verify that all nuclear materials have not been
moved or disturbed

- Space sector
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Section 4: Conclusions

The use of sensors in spent fuel storage applications has been identified as a way
to enable opportunities for a more balanced approach to spent fuel. By reducing
certain margins while ensuring the public health and safety is maintained and
reducing worker dose, an overall increase in safety can be achieved.

An initial step in defining the desired performance characteristics for the types of
sensors that might be used for spent fuel storage included a two-day workshop on
sensors for spent fuel operations. The presenters and the attendees were
stakeholders from various areas of spent fuel management, including storage,
transportation, and disposal. The workshop was used to introduce a survey
designed to elicit stakeholder input related to sensor attributes and performance
characteristics. This report summarizes the results of the workshop and the
survey.

Key conclusions from the workshop and survey on the performance objectives for
use of sensors in spent fuel applications are as follows.

*  While there were no ideas or concepts raised that resulted in uniform
support, a handful of concepts were strongly supported by most survey
respondents:

- The temperature of the cask/canister internal environment is an attribute
of interest for use in casks/canisters under Storage Operations, Transport
Operations, and Disposal Operations

- Ifsensors are to be used that are internal to the cask/canister, the method
of data transmission should be a wireless remote method. Penetrations
through the cask/canister to permit wired sensors, such as the
thermocouple lances used for the HBU Demo cask, were strongly
disfavored by the stakeholder responses.

* The stakeholders offered differing opinions on the potential for
implementation of sensors for licensing or regulatory benefit. Some
stakeholders expressed the view that sensors are best used as informational
purposes only. However, other stakeholders noted that the cost of
implementing sensors would generally be expected to be offset by reductions
in regulatory and licensing burden. For this to occur, sensors would need to
take on a safety-related role for loading and short-term storage operations.
This may be accomplished by progressing from the current regulatory
approach using conservative design licensing basis models to one based on
regulatory compliance demonstration to actual sensor data confirmation

<4-1>»



during loading and short-term operations. This alternate data based licensing
approach would be optional to the current traditional models-based
approach.

- Stakeholders from operating plants firmly expressed the view that sensors
should be an optional technology, and not implemented as a
requirement.

- Many stakeholders noted that the reliability requirements of sensors
increase substantially if the sensors will be used for licensing or regulatory
benefit. In order to achieve sufficient reliability, it may be necessary to
use multiple sensors in a cask/canister.
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Requisitos de funcionamiento de
los sensores remotos en
operaciones con combustible
gastado

Resumen de la informacién suministrada por las partes
interesadas sobre la eliminacién, el transporte
y el almacenamiento en seco en cdpsulas

Este producto esfd sujeto a la totalidad o a parte de los
requisitos del Programa de garantia de calidad nuclear

de EPRI.
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Resumen

EPRI colabora con el Departamento de Energia (DOE) de EE. UU,, la
Comisién Reguladora de la Energia Nuclear (NRC) de EE. UU., el
Instituto de Energia Nuclear (NEI) y las empresas de servicios nacionales e
internacionales, laboratorios nacionales, proveedores de almacenamiento en
seco, asi como con organizaciones de investigacién y desarrollo para mejorar
los conocimientos relativos al entorno interno de los sistemas de
almacenamiento en seco. En este trabajo, se ha identificado una posible
oportunidad de permitir el uso de sensores en aquellas ubicaciones con
entornos radiactivos extremos para medir los parimetros del entorno, como
la temperatura méxima de las vainas. Si fuera posible, estos sensores podrian
usarse en varias aplicaciones donde las mediciones directas podrian ser ttiles
en entornos extremos, como los tanques de residuos de alta actividad, los
almacenamientos geolégicos profundos, etc.

Este informe resume las actividades realizadas para apoyar el desarrollo de
los requisitos de funcionamiento que podrian esperarse de los sensores
usados en entornos altamente radiactivos, con especial interés en los
distintos aspectos del ciclo de vida del combustible gastado (como el
almacenamiento, el transporte y la eliminacién). EPRI organizé y facilit6 un
taller de trabajo con expertos en la materia del DOE, la NRC, laboratorios
nacionales, empresas de servicios nacionales e internacionales, proveedores
de almacenamiento en seco y otras organizaciones de investigacién y
desarrollo, dedicado a los requisitos de funcionamiento que se esperan de los
sensores durante las operaciones de la parte final del ciclo. Asimismo, para
los expertos en la materia, se elaboré un cuestionario sobre las caracteristicas
y el funcionamiento deseados de los sensores y, en este informe, se han
recopilado y resumido las respuestas.

Palabras clave
Combustible gastado
Sensores
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Access to and use of this EPRI product is granted with

the specific understanding and requirement that respon-

sibility for ensuring full compliance with all applicable
U.S. and foreign export laws and regulations is being
undertaken by you and your company. This includes an obligation to
ensure that any individual receiving access hereunder who is not a U.S.
citizen or U.S. permanent resident is permitted access under applicable

U.S. and foreign export laws and regulations.

In the event you are uncertain whether you or your company may law-
fully obtain access to this EPRI product, you acknowledge that it is your
obligation to consult with your company’s legal counsel to determine
whether this access is lawful. Although EPRI may make available on a
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port classification for specific EPRI products, you and your company
acknowledge that this assessment is solely for informational purposes
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as well as experts from academia and industry to help address
challenges in electricity, including reliability, efficiency, affordability,
health, safety and the environment. EPRI also provides technology,
policy and economic analyses to drive long-range research and
development planning, and supports research in emerging technologies.
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in the United States with international participation extending to nearly
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