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Draft Summary Report on Irradiated Fuel 
Handling and Management for LOTUS 

BACKGROUND 
The National Reactor Innovation Center (NRIC) has conceptualized the design of the 

Laboratory for Operation and Testing in the United States (LOTUS) test bed to provide the United 
States Department of Energy (DOE) with the infrastructure necessary to make advanced reactor 
designs available for commercial developers.  LOTUS will provide a test bed to developers with 
the capabilities of supporting a wide range of experiment design possibilities. Upon completion 
of the developers’ operations and experiments within the test bed, the irradiated fuel, reactor 
components, and other experiment materials must be removed.   

Idaho National Laboratory (INL) possesses significant capabilities for radioactive material 
handling such as casks, carts, and forklifts.  However, given the unique environment presented by 
the NRIC-LOTUS test bed, located inside the Zero Power Physics Reactor (ZPPR) Perimeter 
Intrusion Detection and Assessment System (PIDAS) area at the Materials and Fuels Complex 
(MFC) and the complexity of novel removal activities of recently operated reactor experiments 
through the new proposed access tunnel. The efficacy was not apparent for existing equipment to 
provide all the needed capability.  

To bridge the potential gaps in cask designs, storage, and transportation, NRIC requested the 
development of trade studies for the transfer, handling, and storage requirements of irradiated 
fuel salts and other radioactive materials. NRIC directed Boston Government Services, LLC (BGS) 
to perform the trade studies and develop a report analyzing alternatives. In addition to the BGS 
reports, the Idaho National Lab’s (INL), provided by the first potential user’s Advanced Reactor 
Development (ARD) team, prepared a feasibility study for the storage of specific irradiated fuel 
within the existing ZPPR vault.  

 

PURPOSE 
This summary report is intended to present the trade studies, options, and alternatives that 

were investigated. The maturity level of LOTUS, the reactor, fuel salt containers, gloveboxes, and 
reactor testing campaign and concept of operations were not at a level sufficient to base critical 
decisions on. This report is not intended to present a final recommendation. The final 
recommendations for fuel storage location, transport, handling equipment, and operations will be 
made in FY 2024 and will be based on known materials, test campaign requirements, funding, 
and final analysis of the fuel and equipment to be used.  

 

DISCUSSION 
BGS provided the report, Irradiated Fuel Salt Storage Facility (IFSSF), Requirements 

Collection, and Trade Study [Ref. (a)], which considered the alternatives of constructing the 
following: 1) an indoor IFSSF with an open vault area as seen in Figure 1 and Figure 2, 2), an 
indoor IFSSF with an multi-canister containing cask storage vault as seen in Figure 3, or 3), and a 
IFSSF outdoor overpack storage area with multi-cannister containing casks as seen in Figure 4.  
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Figure 1. Plan view indoor IFSSF with an open vault concept. 

  

Figure 2. Isometric views, indoor IFSSF with an open vault concept. 

  

Figure 3. Isometric views, indoor IFSSF with multi-cannister cask concept. 
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Figure 4. Isometric views, outdoor IFSSF with multi-cannister cask overpack concept. 

The report suggests that the IFSSF Indoor alternatives should be further investigation. The 
IFSSF indoor open vault takes advantage of existing INL transporters and casks, but primarily 
provides an alternative that was designed to take advantage of the irradiated salt container 
(ISC) and considers the low-burnup constraints of the initial reactor demonstration. The outdoor 
overpack with multi-canister cask is not recommended as an alternative because of operational 
complexities, limited storage, high costs, and security concerns. 

The second BGS report, Removal of Irradiated Fuel and Other Radioactive Materials 
Evaluations and Trade Study for NRIC-LOTUS Test Bed [Ref. (b)], provides details for the efforts 
to ensure that, after each reactor demonstration, deactivation and decommissioning (D&D) of the 
reactors can be accomplished within the NRIC-LOTUS test bed envelope (special limits) and 
LOTUS operations, security, and safety requirements.  Further, it is anticipated that the 
approaches for defueling, storage, and transportation methods reviewed by BGS are applicable 
to other liquid-fueled molten salt reactors. 

Preparations for irradiated fuel removal will begin with loading the ISC, as performed by the 
reactor developer, from the fuel transfer glove box and placing it into the desired cask for 
transfer to the storage facility.  The three cask designs investigated by BGS are based on a 
preliminary ISC design by the initial reactor developer: 

1) The Hot Fuels Examination Facility (HFEF)-5 Cask—bottom loaded—is the baseline option 
as originally conceived by the NRIC-LOTUS test bed Integrated Project Team (IPT). This 
transfer cask will relocate an ISC that has been placed inside an outer container (OC) to 
an indoor open vault IFSSF. The OC, which comprises the storage unit, is transferred from 
the fuel transfer glovebox to the HFEF-5 Cask in a transfer pig that remains inside the 
NRIC-LOTUS test bed containment. 

2) The bottom loaded, light transfer cask (LTC) is a new design and is an alternative to the 
HFEF-5 Cask for transferring an ISC that has been placed inside an OC to an indoor open 
vault IFSSF. Since the OC is the same as that for the HFEF-5 Cask, no transfer pig is 
required. The loaded LTC is light enough to be lifted by the NRIC-LOTUS test bed polar 
crane and short enough that it can be docked below the fuel transfer glovebox for direct 
loading. The size and weight of the loaded LTC are such that five LTCs can be assembled 
on a locking pallet system and removed by a forklift one at time as can be seen in Figure 
5. 

3) The Multi-Irradiated Salt Cannister (MISC) transfer and storage cask is a new design, a 
smaller version, and top loaded of the dry storage casks concepts used for commercial 
light-water reactor spent fuel storage. It serves for both transfer operations and long-term 
storage of the ISCs. In place of a vault, the MISC is stored in a secure building on a slab 
at grade or in a concrete and steel overpack that provides impact and theft resistance 
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comparable to a secure building. The primary advantage of the MISC is the ability to 
remove seven ISCs from NRIC-LOTUS test bed cell in a single transfer. The loaded weight 
must remain under the 20-ton capability of proposed forklifts. The MISC can be seen 
against the LTC in Figure 6. 

 
Figure 5. Lightweight transfer cask (LTC) bundled for transport. 

 
Figure 6. Lightweight storage cask (left) against multi-cannister storage cask (right). 

All three operational approaches evaluated are considered feasible, including the HFEF-5, for 
fuel removal and transfer to the IFSSF. Based on the ultimate IFSSF design selected, the LTC 
design would be more compatible with a vault design whereas the MISC would be the choice for 
a newly designed IFSSF to take advantage of its transfer and storage capabilities. 

Material handling alternatives were considered for the fuel salts, flush salts, large (> five 
tons) reactor components, and other smaller components or materials. The alternatives analysis 
included forklift, gantry crane, wheeled cart on rails (pulled or pushed by a tug vehicle), self-
powered wheeled cart on rails, self-powered cart with tires and no rails, air pallet systems, and 
hydraulic skidding system. 

Low Profile, 20-ton Forklift 

The use of forklifts were evaluated for staging, transferring items in and out of the test bed, 
and for loading items into transfer packages or containers. The use of forklifts may be the 
simplest transfer alternative, but it is not the safest option due to the potential for driver error or 
equipment failure scenarios. Further challenges include the size constraints of the NRIC-LOTUS test 
bed tunnel and cell area once the reactor has been installed. Prior planning for an acceptable 
loading and unloading area must be conducted using the overhead 5-ton polar crane for 
packaging of equipment within the NRIC-LOTUS test bed cell. The forklift provides advantages 
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such as easily operated, compatibility with several existing packages, and equipment that have 
been designed to be used with forklifts. 

Railed Gantry Crane 

The gantry crane option requires rails embedded in the floor of the tunnel leading into the cell 
of the NRIC-LOTUS test bed. These embedded rails should be designed such that other material 
handling equipment may use the tunnel as needed. The rails would be placed at the maximum 
width possible and be extended into the test bed allowing transfer of items from inside the NRIC-
LOTUS test bed yard into the cell. Lifting containers would be conducted from overhead. Irregular 
items with unevenly distributed loads would require lifting at both ends or at all four corners to 
keep loads steady. And for flexibility and simplicity, a second separate gantry crane that could 
operate synchronously is envisioned. The use of two gantry cranes adds complexity and cost. 
However, since the gantry crane(s) can lower containers all the way to the NRIC-LOTUS test bed 
floor, a second crane would allow for more flexibility in container and material heights that can 
be loaded. It is assumed that the gantry crane(s) could handle significantly heavier loads than the 
existing polar crane. 

Wheeled Cart on Rails 

The wheeled carts on rails can be self-propelled or pushed/towed by a vehicle. The system 
would use embedded rails like the gantry crane. The rails can extend over the test bed floor and 
be lowered using a jack system, which would significantly enhance the headroom for loading 
larger objects. Assuming containers are filled loaded from above, the cart design should provide 
the lowest profile possible for the intended loads. The head room restrictions for this option are 
similar to those presented by the forklift option. There are minimal differences between a self-
propelled cart and a cart pushed by a vehicle. 

Wheeled Cart on Tires 

There are similar advantages and disadvantages to the wheeled cart with tires and wheeled 
cart on rails (self-powered or pushed/pulled by a vehicle). One additional benefit is that, like a 
forklift, it can be used to move other items to other MFC locations outside of the tunnel. Within the 
tunnel itself, the wheeled cart with tires has an additional disadvantage of being more accident 
prone, again much like the forklift. 

Air Pallet Systems 

Air pallet systems use low friction surfaces to transfer very heavy loads. To operate, they 
require very flat, smooth surfaces, and a source of compressed air to fill pressurized air bags with 
holes that provide the air cushion that “floats” the load. Any gaps in the tunnel floor (e.g., at 
doorways) would have to be temporarily covered and sealed to allow operation of an air pallet 
system. Again, a platform at the end of the tunnel inside the test bed would be required to 
transfer items into the cell. A self-propelled, compact battery-operated vehicle can push or pull 
the pallet providing the necessary force to move loads. Capital and operating cost for the air 
pallet system could be higher than the alternatives discussed previously. The air pallet system 
shares similar advantages and disadvantages as the wheeled-cart alternatives. 

Hydraulic Skidding System 

The hydraulic skidding system, like the wheeled-cart on-rails alternative, is composed of a 
series of skid beams moved by hydraulic push-pull cylinders traveling over a pre-constructed 
track. The skid tracks would be extended into the test bed on a platform to allow transfer of 
items into the cell. High-pressure hydraulic fluid is used to push or pull the load. This requires a 
hydraulic system where hoses are attached and must move with the load like the air pallet air 
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hose. One disadvantage is that unless there is a source of high-pressure hydraulic fluid in each 
chamber it is not possible to open or close the tunnel doors during transit.  

The preferred alternative for transport system for each type of material can be seen in Table 
1. 

Table 1. Material transfer preferred alternative methods. 

 Materials for Removal 

Material handling Alternative 
HFEF-5 Cask  

Or 
Single LTC 

Multi-Canister Cask 
Or  

Multiple LTC in a Rack 

Highly 
Radioactive 
Components  

Large/Heavy 
components 
exceeding 5 

tons 

Small/Lighter 
components not 

exceeding 5 
tons 

Low-Profile Forklift    x  

Railed Hydraulic Lift Gantry 
System      

Wheeled Cart on Rails (Pushed, 
Pulled, Self-propelled) x     

Wheeled Cart without rails (Self-
Propelled) x     

Air Pallet x     

Hydraulic Skidding System x     

 This is a viable material-handling alternative for this material type 
x   This is not a viable material-handling alternative for this material type 

 

The first potential user’s ARD project team provided an investigation of the feasibility for 
storing the irradiated specific fuel salt, which will remain under the Department of Energy’s 
ownership following reactor experimentation and must be managed and stored in a compliant 
manner, within existing INL facilities until the Department of Energy determines there is no future 
programmatic or research need for the material. This investigation concentrated primarily on the 
existing vault within the ZPPR facility and the specific fuel salt that is currently the only planned 
experiment within NRIC-LOTUS test bed. 

The first potential user’s ARD project team proposes that the irradiated fuel salt be stored in a 
configuration that facilitates easy retrieval for programmatic reuse at INL facilities, future uranium 
recovery activities, or eventual direct disposition in a future deep geologic repository, without the 
need for repackaging. Long-term management of the irradiated fuel salt will depend on the 
future application of this material and will be managed in a fashion comparable to similar 
materials being stored at INL. 

It has been determined by the first potential user’s ARD project team that storage of the 
irradiated fuel salt in the ZPPR vault is technically feasible under a preliminary design level of 
understanding and assumptions. Before all hazards and impacts involved can be understood, 
further design consideration is required. Among the more significant benefits of using the ZPPR 
vault are (1) utilizing an existing vault that meets all necessary security requirements for storing 



Error! Reference source not found. on Irradiated Fuel Handling and Management for LOTUS 

INL/RPT-23-74245  7 

specific fuel quantities; (2) proximity to the NRIC-LOTUS test bed, with an internal transfer path to 
the facility; and (3) a possible elimination of the need to down-blend the irradiated fuel.  

A conceptual design plan view of how to store the irradiated salt containers is also provided 
below in Figure 7. 

 
Figure 7. ZPPR vault plan view. 

Rough order of magnitude (ROM) cost analysis of the alternatives were provided by BGS 
and the first potential user’s ARD project team show that the costs associated with the IFSSF 
vary from $14.6 million being the relative cost associated for repurposing of the existing 
ZPPR vault, $53.8 million for the use of a new facility with an indoor open vault concept, 
$60.8 million for a new indoor facility using the MISC storage system, and $24.7 million for 
outdoor storage area with multi cannister overpacks.  These cost estimates, conducted in 2021 
United States dollars, do not include the cost of ISCs, Battelle Energy Alliance personnel costs, 
or management reserves. These third-party engineering estimates also do not account for 
changing economic conditions and INL processes and procedures. Recent similar sized projects 
at INL, like the Sample Preparation Lab project, cost in the $150 - $200 million range. 

 

NEXT STEPS 
The NRIC-LOTUS test bed IPT will continue to update the trade study analysis periodically to 

include changes and impacts from the maturation of the reactor design, testing campaign, and 
potential chemical and thermophysical analyses of the HEU salts envisioned for use. A significant 
change in a critical parameter may invalidate one or more of the investigated solutions or suggest 
a new option not viable previously. Additional options may be uncovered and reviewed against 
the current set to determine their overall acceptability. The draft summary report expected in 
FY2024 will review, analyze, and make recommendations for each of the covered areas of the 
report. The NRIC-LOTUS test bed IPT in collaboration with their developer partners will work 
together to propose an appropriate solution in the future. 
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EXECUTIVE SUMMARY 
PURPOSE 


The purpose of this report is to provide the results of BGS’s evaluation of options for an 
Irradiated Fuel Salt Storage Facility (IFSSF) to support demonstrations of advanced reactors with 
fuels requiring increased security posture at Idaho National Laboratory (INL).  


The BGS team completed the following tasks: 


• Developed initial functional and operational requirements for an irradiated fuel salt storage 
facility system for the management of irradiated fuel salt produced from the operation of 
experimental molten salt reactors at INL. 


• Based on the identified functional and operational requirements, identified, and developed 
alternative solutions for the IFSSF. 


• Performed a trade study on the alternatives generated and identified a recommended 
alternative. 


THE INITIAL SPRINT 


Chapter 2 describes the initial sprint that was used to gather requirements and develop the 
initial operational. This initial task included a review and evaluation of NRIC Deactivation and 
Decommissioning Capability Preconceptual Design Summary Report (Ref. 1) and other INL 
reports, followed by an initial brainstorming to define options and approaches to meet the 
high-level requirements. Reference 1 provided a draft Mission Statement, a top-level statement 
of the operational concept to store irradiated fuel salt, 15 functional and operational 
requirements, and some initial assumptions which were all accepted for this study with only 
minor modifications and comment. The team then conducted a brainstorming session using The 
Next Generation Nuclear Plant System Requirements Manual (Ref. 2) as a guide and 
recommended owner requirements for the Irradiated Fuel Storage Units. 


Mission Requirement for the IFSSF: Irradiated fuel salt and flush salts from reactor experiments 
in the National Reactor Innovation Center’s Laboratory for Operation and Testing in the United 
States (NRIC-LOTUS) test bed shall be stored in salt form in a new location at the Materials and 
Fuels Complex (MFC) and be retrievable for at least 20 years (extended to 30 years for this 
report).  


Key assumptions identified that the NRIC-LOTUS test bed is being designed with test reactors of 
the molten salt, liquid-fuel type operating at a low power (500 kWt). The requirements from 
Ref. 1 defined requirements for maintenance and inspection, natural ambient air cooling, and 
security criteria for the facility. Reference 1 also established the starting point for the 
operational concept: 
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“The loaded HFEF-5 (or similar cask) is used to transfer the irradiated fuel-salt container 
from the NRIC-LOTUS test bed to the IFSSF (to be constructed). Using facility 
procedures, the irradiated fuel-salt containers are placed into vault-like or cask dry 
storage for up to 20 years. Where possible, cask and containers should be compatible 
with existing INL equipment. The irradiated fuel salt is stored until reuse, transfer to 
another DOE program, or eventual disposal. In the case of disposal, the fuel salt should 
be handled in a manner consistent with INL’s long-term strategy for the current DOE 
spent-fuel inventory, which will be disposed at a national repository using the DOE 
standard canister and cask system.” 


TECHNICAL EVALUATION OF PRELIMINARY CONCEPTS 


Chapter 3 describes the initial technical evaluation of the preliminary concepts for the IFSSF, 
the potential requirements discussed in Ref. 1, and alternate processes and considerations not 
included in Ref. 1. Discussion and collaboration with the INL team regarding the high-priority 
analyses identified some key requirements and constraints: 


• The diameter of the inner irradiated salt container (ISC) is limited to a maximum of 
7.25 in. so that flooded or oxidized fuel salt will remain subcritical. 


• There is no fixed limit on ISC height, but the initial reactor demonstration design team 
predicts the ISC to be 40 to 48 in. in length based on the physical constraints of loading 
the Hot Fuel Examination Facility (HFEF)-5 cask and the anticipated operational concept 
for loading. 


• A key constraint for the shielding study is the use of the nominal burnup of 10 kWt for 
1000 hr. While maximum reactor power is limited to 500 kWt, many zero-power and 
low-power runs reduce the burnup to the nominal constraint. 


The BGS evaluation also identified the need for further decomposition of requirements and 
operational scenarios and for high-priority analyses needed to support the IFSSF alternatives 
trade study. 


DECOMPOSITION AND REQUIREMENT TRACING 


Chapter 4 describes the decomposition of assets (structures, systems, components) and 
requirements tracing.  


DEVELOPMENT OF PRECONCEPTUAL ALTERNATIVES 


The first part of Chapter 5 describes the development of the Preconceptual Alternatives for the 
IFSSF and the supporting analyses. The latter part of Chapter 5 describes the trade study 
approach that was prepared to guide the ranking of alternatives, as well as the trade study 
results, that led to the preferred alternative or general design recommendation.  







 


 BGS-BEA-TR-02 September 2022 11 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


The initial concepts of vault-like or cask dry storage identified in the operational concept 
evolved to three concepts for evaluation in the trade study:  


1) IFSSF Indoor Open Vault,  


2) IFSSF Indoor Multi-Canister Cask Storage, and  


3) IFSSF Outdoor Overpack with Multi-Canister Cask. 


All three concepts use an inner ISC based on preliminary dimensions from the initial reactor 
demonstration design.  


The available footprint inside the Perimeter Intrusion Detection and Assessment System 
(PIDAS) is limited and constrains the storage capacity of the designs. A rectangular area 80 x 
160 ft with some adjacent space for support pads was identified and used for all three 
concepts. All three concepts develop the envelope of the IFSSF as part of the initial construction 
but then develop and add individual storage units tailored for each future reactor 
demonstration.  


The indoor options use a dual wall design based on FOR-616 (Ref. 3) for exterior walls rather 
than using sand/gravel coverings with a 1:1 slope. The covering with a 1:1 slope was not carried 
forward because of the drastic reduction in storage capacity required to implement that 
approach.  


Criticality and shielding evaluations were performed to define preliminary spacing and other 
design features for the vault pits and the Multiple Irradiated Salt Containers—Transfer & 
Storage Cask (MISC). The concrete vault design for the current reactor high enriched uranium 
(HEU) demonstration is critically safe even in the case of flooding the pit and water entering the 
ISC and mixing with the fuel salt. The MISC cask relies on moderator exclusion, verified by a seal 
monitoring system, to maintain criticality safety. A key constraint in the shielding study is the 
use of the nominal burnup of 10 kWt for 1000 hr. Maximum reactor power is limited to 
500 kWt, but many zero-power and low-power runs reduce the burnup to the nominal 
constraint. The thermal analysis shows that with the low burnup the thermal power and 
resulting temperatures are very low. 


Scoping analyses were prepared to determine weights to establish material-handling 
requirements, building heating and cooling loads, and electrical systems and requirements. 


TRADE STUDY 


A trade study was prepared to compare the three IFSSF preconceptual alternatives and to 
identify a recommended alternative.  


BGS initially recommended criteria for the trade study which were revised after discussion and 
collaboration with INL. The final differentiators and criteria include measures of cost, schedule, 
performance, and compatibility. The following final set of criteria were used for the trade study: 
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Affordability (capital cost), Affordability (operational cost), and Cost of Expansion (cost of 
storing an additional load of fuel), Facility Schedule, Storage Capacity, Ease of 
Retrieval/Inspection, Compatibility with Different Fuels, Simplicity of Design and Construction, 
and Compatibility with Existing INL Supporting Equipment (casks, transporters, etc.). Scales 
from 1 to 5 were developed for each criterion. Capital cost had a weighting multiplier of 2. 
Storage capacity and compatibility with different fuels had a weighting multiplier of 1.5. All 
other criteria had a weighting multiplier of 1. 


Scoring Summary. As discussed below and shown in Table ES-1, the IFSSF Indoor Open Vault 
received the highest (most favorable) score from the trade study. The IFSSF Indoor Multi-
Canister Cask Storage had the second highest score. Both had significantly higher scores than 
the Outdoor Overpack with Multi-Canister Cask.  


The evaluation also looked at which alternatives received low scores and which alternative was 
best for each criterion. Both the Indoor Open Vault and for the Indoor Multi-Canister Cask 
Storage had low scores (1 or 2) for Affordability. The Outdoor Overpack with Multi-Canister 
Cask scored a 3 for Affordability, but only because of reduced capability since the Outdoor 
Overpack provides storage for a maximum of 11 demonstrations and must use other INL 
facilities for inspection, sampling, or maintenance. The Indoor Multi-Canister Cask Storage 
received a 2 for Compatibility with Different Fuels. For other molten salts constrained to the 
same canister sizes and burnup used in the first demonstration, Compatibility rated Med-High 
because minimal design and modification would be required. However, for fuels with 
significantly higher burnup or that require longer ISCs, the rating dropped to Low because 
significant design and modification would be required. Therefore, an overall score of 2 (Med-
Low) was assigned. The Outdoor Overpack with Multi-Canister Cask scored 1 or 2 for six of the 
nine criteria: Cost of Expansion, Storage Capacity, Ease of Retrieval/Inspection, Compatibility 
with Different Fuels, Simplicity of Design and Construction, and Compatibility with Existing INL 
Supporting Equipment. The Indoor Open Vault had the high score for six of the nine criteria and 
was a close second for Storage Capacity. The Indoor Open Vault had the highest total raw total 
score and the highest total weighted score. 
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Table ES-1. Weighted Scoring for IFSSF Preconceptual Alternatives 


Scoring Scale Criteria 
Weighting 


Indoor Open Vault Indoor Multi-Container 
(MISC) Cask Storage 


Outdoor Overpack 
w/MISC Cask Storage 


Raw Score Weighted 
Score Raw Score Weighted 


Score Raw Score Weighted 
Score 


                


Affordability (Capital Cost) 2.0 2 4 2 4 3 6 
Affordability (Operational Cost) 1.0 2 2 2 2 3 3 


Cost of Expansion (Cost of Storing 
an Additional Load of Irradiated 


Fuel) 
1.0 4 4 3 3 2 2 


Facility Schedule 1.0 3 3 3 3 3 3 
Storage Capacity 1.5 4 6 5 7.5 2 3 


Ease of Retrieval / Inspection 1.0 4 4 4 4 1 1 
Compatibility with Different 


Irradiated Fuels 1.5 3 4.5 2 3 2 3 
Simplicity of Design and 


Construction 1.0 4 4 3 3 2 2 


Compatibility with Existing INL 
Supporting Equipment (Casks, 


Transporters, etc.) 
1.0 4 4 3 3 1 1 


                
    30 35.5 27 32.5 19 24 


 


Risk. The dominant risks identified during the Preconceptual Design are cost escalation, long 
lead procurement, the potential for delays in supporting analyses and construction, and 
potential changes to requirements since the future users and reactor designs to be supported 
are not yet defined. 


RECOMMENDATIONS 


The IFSSF Indoor Open Vault alternative is the recommended alternative for possible further 
development. The IFSSF Indoor Open Vault shares many of the design features with the Indoor 
Multi-Canister Cask Storage and provides an alternative that was designed to take advantage of 
the ISC and low-burnup constraints of the initial reactor demonstration. The Outdoor Overpack 
with Multi-Canister Cask is not recommended as an alternative because of operational 
complexities, limited storage, and security concerns. 


• The IFSSF should be designed as a facility requiring increased security posture because 
fuels may include HEU fuels. While uranium fuels could be down blended, the capability 
to down blend does not currently exist and as such is not included in this study. 
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• The IFSSF should be an above-grade facility because of cost and security concerns with 
blasting of the basalt inside the PIDAS as well as the increased risk from water intrusion. 
Water intrusion is a concern because the salts are hygroscopic, soluble in water, and 
corrosive if wet. 


• The footprint for the IFSSF should be a nominal 80 x 160 ft rectangular area in the 
northeast section of the PIDAS enclosed area. This layout was selected to maximize the 
available footprint while still leaving room for roads, lay down areas, and supporting 
structures such as utility pads. With the preferred option this is large enough to support 
18 demonstrations cycles. 


• The IFSSF should be designed for at least 10 reactor experiments each producing 
irradiated fuel salt quantities assumed to be similar to the initial reactor design of 
nominally 1,300 kg of irradiated fuel salt. This assumes that flush salts and some 
irradiated fuel salts may be transferred away from the IFSSF during the proposed 20 
demonstrations over the 30-year life cycle, or some reactor experiments may require 
much more than 1 year thus limiting the number of demonstrations. 


• The use of the sand and gravel sloped fill should not be carried forward to conceptual 
design because of the huge resulting reduction in storage capacity.  


• Walls surrounding the secure portion of the building should initially be based on an 
option described in FOR-616 (Ref. 3) in which the walls are composed of a three-layer 
system for security. 


• The full envelope of the IFSSF should be constructed as part of the initial construction of 
the IFSSF. 


• Flush salt should be stored in a rack / pallet configuration (allowing transfer via low-
profile forklift) which could be stored in a temporary holding/storage area or 
temporarily stored in the IFSSF until cleared for disposal or alternate disposition. 


• The IFSSF Indoor Open Vault is the recommended alternative for further development 
of design and operational concepts. 
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1 INTRODUCTION 
The National Reactor Innovation Center (NRIC) was authorized by Congress in 2018 and 
established by the Department of Energy (DOE) in 2019. NRIC’s mission is to enable the 
deployment of advanced reactor demonstration projects in the next several years by enabling 
testing of advanced reactors developed by industrial partners. To support this mission, NRIC 
completes needed studies to identify gaps that may preclude completing end-to-end testing of 
advanced reactors. 


INL and NRIC are developing the concept for the Laboratory for Operation and Testing in the 
United States (LOTUS) test bed. The NRIC-LOTUS test bed is currently being positioned to 
support molten salt and other reactors, fueled by low- or high-enriched uranium (LEU or HEU). 
The use of HEU requires that the irradiated fuel remain stored at INL within a secure facility.  


1.1 Purpose  
The purpose of this report is as follows. 


• Identify potential functional and operational requirements for an Irradiated Fuel Salt 
Storage Facility (IFSSF) system for the management of irradiated fuel salt produced from the 
operation of experimental molten salt reactors. 


• Convey the results of study to identify alternative solutions for an irradiated fuel salt 
storage system based on the identified functional and operational requirements. 


• Document pre-conceptual designs for an alternative IFSSF and related systems. 


• Present the results of trade studies on the alternatives generated and identify a 
recommended potential alternative.  







 


 BGS-BEA-TR-02 September 2022 16 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


2 REQUIREMENTS AND ASSUMPTIONS GATHERING 
The sprint to gather initial requirements and develop the initial concept of operations included 
first a review and evaluation of Ref. 1 and other INL reports and then a brainstorming to define 
options and approaches to meet the high-level requirements. This section includes four sub-
sections: High-Level Requirements, Assumptions, the Initial Requirements Compilation, and the 
Initial Operational Concepts. 


2.1 IFSSF High-Level Requirements 
The Mission Requirement for the IFSSF was identified in Ref. 1. 


Irradiated fuel salt and flush salts from reactor experiments in the NRIC-LOTUS test bed shall be 
stored in salt form in a new location at the Materials and Fuels Complex (MFC) and be 
retrievable for at least 20 years. 


2.2 IFSSF Assumptions 
The initial assumptions were also identified or inferred from the discussion in Ref. 1. 
Clarifications and updated names and descriptors are included based on further discussion and 
collaboration with INL staff. 


1. Maximum power level of test reactors is 500 kWt for an intended operating time of 
6 months or longer. This assumption is based on test bed requirements. Power levels and 
operating time affect reactor source term and are critical in determining storage and 
disposition characteristics.  


2. Test reactors are fueled with LEU, HEU, and plutonium (Pu)–based fuels. A key purpose of 
the NRIC-LOTUS test bed is to be capable of testing reactors that operate with fuels that 
require an increased security posture. Further discussions with INL indicate that Pu fuels are 
not to be considered in the preconceptual design. 


3. Test reactors will be defueled in the test bed using an approach integral to the reactor 
design and appropriate for the fuel. Based on input from potential users, the reactors 
identified for testing are not designed to be mobile.  


4. The method to remove fuel from the reactor experiment should be designed into the 
demonstration reactor experiment itself (i.e., no specific defueling equipment shall be 
provided by the test bed). The interface point is the placement of the fuel into the primary 
storage canister (ISC). The use of molten salt fuel creates the need for processes (i.e., fuel 
heating, transport, and removal) that are unique to each reactor and integral to reactor 
design and operation. 


5. Any potential IFSSF shall be designed as a “dry” IFSSF that uses passive air cooling of the 
irradiated fuel canisters. 
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6. The future irradiated fuel salt sampling and examination capabilities could be performed at 
the IFSSF or could be done in an alternate facility such as the MFC Hot Fuel Examination 
Facility (HFEF) that was specifically designed for the examination of irradiated fuel species 
and transfer cask maintenance. The transfer of an ISC would require a security escort 
(guards and guns) for specific materials.  


7. Any potential IFSSF is for interim and extended fuel storage with a capability for retrieving 
the storage units for up to 30 years [to be verified (TBV)], thus matching the NRIC-LOTUS 
test bed 20-year planned operation plus 10 years for additional storage of irradiated fuel 
salt. Aging management for extended storage is outside the scope of this report. 


8. Fuel salt treatment and reprocessing is not an INL or NRIC decontamination and 
dismantlement (D&D) capability. 


2.3 IFSSF Requirements Compilation 
2.3.1 Initial Requirements  


The initial IFSSF requirements compilation includes the requirements and rationale extracted 
from Section 6.2.2 of Ref. 1. All requirements will be managed in the Dynamic Object-Oriented 
Requirements System (DOORS). The initial requirements compiled from Ref. 1 are listed below 
with comments added to indicate acceptance or proposed modification of the requirement for 
the purpose of this study. The proposed modifications should be tracked to completed 
disposition as the requirements set is defined, clarified, and decomposed.  


2.3.1.1 Size, Capacity, and Configuration 


Storage Capacity 


[REQ ID# 40000] The IFSSF shall be capable of storing a minimum of [to be determined (TBD)] 
irradiated fuel salt casks with dimensions [TBD] ft long x [TBD] ft wide x [TBD] ft high. 


Rationale: This should allow the fuel from the first [TBD] salt fueled reactors at INL to be stored 
pending final disposition. 


Comment: The word “casks” is confusing since various options for the storage facility need to 
be considered. Thus, it would be better to specify the number of ISCs that need to be stored. 
INL should also specify the number of flushing salt containers to be stored, since their fissile 
content, radiation, and heat sources will be much lower, and their storage can be more 
compact. A higher-level requirement would be to indicate separately the desired mass of 
irradiated fuel salt and flushing salt that the facility is required to store—at least for the first 
planned reactor test. This requirement is revised in this report to eliminate the term “casks” 
and to show the decomposition from the total mass of salt to be stored. 
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Future Expansion 


[REQ ID# 40001] The IFSSF shall be capable of expansion to meet future INL needs. 


Rationale: The INL test beds are planned to operate for 20 or more years. Future expansion of 
downstream capabilities may be needed. 


Comment. Accepted. Will assume up to 20 demonstrations. 


Loading Capacity 


[REQ ID# 40002] The IFSSF shall be capable of supporting irradiated fuel salt casks weighing up 
to [TBD] lb. 


Rationale: The IFSSF must provide structural support of irradiated fuel salt casks. However, a 
weight limit is provided to bound the design. 


Comment: Accepted, but the limits will depend on the transfer vehicle and cask. 


Access 


[REQ ID# 40003] The IFSSF shall have access to accept and remove irradiated fuel salt casks. 


Rationale: The IFSSF only serves an interim storage purpose. Irradiated fuel salt casks will 
eventually need to be removed from the site. Furthermore, researchers may want to retrieve 
individual fuel salt bottles for heating, opening, and sampling. 


Comment: Guidance on the planned extent (routine, planned annual campaigns, etc.) of 
heating, opening, and sampling within the IFSSF would be beneficial to evaluating efficient 
facility concepts. Fuel salt bottles terminology is changed to containers for this report. 


Individual Storage Locations 


[REQ ID# 40004] The IFSSF storage locations shall be independent to each irradiated fuel salt 
cask.  


Rationale: Each storage space will have independent capabilities such as shielding and access. 
This ensures that placement of other casks does not impede cask use or access.  


Comment: The meaning of independent in this requirement is not clear. Shielding and access 
requirements are included in this study. Options to be evaluated include a vault-type concrete 
structure, vertically oriented, to accept the Outer Container (OC) from the HFEF-5 cask or other 
transfer cask and a cask concept that is loaded with ISCs and nested containers inside the NRIC-
LOTUS test bed and then transferred to IFSSF.  
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Space for Maintenance and Inspection 


[REQ ID# 40005] The IFSSF shall include adequate space for maintenance and inspection of 
casks.  


Rationale: Casks may require additional maintenance and periodic inspection while in storage.  


Comment: Monitoring requirements are [TBD] but may include security cameras (motion or 
thermally activated), temperature sensors or cameras to confirm that flow paths for cooling are 
not blocked, and leakage detection for non-welded confinement systems. This last detection 
capability could also use pressure monitoring for casks or radioactive gas sampling in vault 
wells.  


2.3.1.2 Mechanical Movements and Provisions 


Weather Protection 


[REQ ID# 40006] The IFSSF shall protect irradiated fuel salt casks from weather.  


Rationale: The IFSSF will not necessarily be an enclosed building, and weather protection should 
be considered.  


Comment: This weather protection requirement may be superseded by the increased security 
requirements and restrictions regarding the IFSSF storing specific materials. 


Cask Handling 


[REQ ID# 40007] The IFSSF shall have the ability to load/unload casks brought to the facility.  


Rationale: Casks could be delivered and removed using transport vehicles that do not have a 
means for loading and unloading.  


Comment: Options to be considered include overhead bridge crane system and a forklift. 
Delivery of multi-container systems can consider delivery by forklift as well as by a low-boy 
transport vehicle with crane transfers at both ends.  


Cask Cooling 


[REQ ID# 40008] The IFSSF shall facilitate natural ambient air cooling of stored casks.  


Rationale: Casks should be designed to allow for sufficient cooling to be provided by ambient 
air natural circulation.  


Comment: Natural air circulation in a vault system or in a welded Multiple Irradiated Salt 
Container (MISC) with concrete overpack would use conduction and natural convection heat 
transfer. Monitoring requirements need to be established.  
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2.3.1.3 Shielding 


Radiation Shielding and Contamination Control 


[REQ ID# 40009] The IFSSF shall include shielding to limit the dose rate from stored casks to 
[0.05] mrem/hour at 30 cm from the shielding.  


Rationale: The IFSSF is intended to be maintained as a radiological buffer area (RBA), and the 
dose rate to personnel must be limited to the criteria for RBAs established in Ref. 4, 
Radiological Control Manual.  


Comment: Dose limit is set for surface accessible by personnel. Dose from potential surface 
contamination needs to be considered (surface contamination could occur if there is an ISC and 
OC leak). The maximum source term associated with the core storage unit (i.e., the irradiated 
salt container) will be needed to help establish the conceptual design of the IFSSF. A shielding 
analysis will be performed to support the future identification of shielding requirements and 
materials. 


2.3.1.4 Security 


[REQ ID# 40010] The IFSSF shall have security provisions consistent with a increased security 
facility.  


Rationale: The IFSSF shall have the requisite security requirements for storing the irradiated 
fuel salt from reactor experiments at INL. These requirements will be similar to those 
established in Ref. 5, ZPPR Modifications to Support Experimental Reactors, and Ref. 3, 
Modifications to ZPPR Cell Access and Structures. 


2.3.1.5 Other 


Hazard Categorization 


[REQ ID# 40012] The IFSSF shall be a Hazards Category 2 or 3 facility.  


Rationale: The hazard category is driven by the consequence of a potential radionuclide release 
and the quantity of fissile isotopes.  


Comment: Accepted. This requirement should be decomposed to indicate the functional and 
operational requirements. 


Criticality Safety 


[REQ ID# 40013] The IFSSF shall prevent criticality in accordance with Ref. 6, INL Criticality 
Safety Program Requirements Manual.  


Rationale: Reference 6 is the approved INL requirements document for criticality prevention.  
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Comment: Accepted. The irradiated fuel bottle dimensions and the maximum fissile material 
loading are needed to ensure proper evaluation of IFSSF design concepts for criticality safety 
concerns. 


Natural Phenomenon Hazards 


[REQ ID# 40014] The IFSSF shall be designed to Natural Phenomenon Hazards (NPH) Design 
Category (NDC).  


Rationale: The facility should meet the same NPH standards determined from the results of the 
safety analysis. 


Comment: Accepted. Expected to be NDC-3.  


Fire Protection 


[REQ ID# 40015] The IFSSF shall be designed in accordance with Ref. 7, Fire Protection.  


Rationale: Reference 7 is the defining standard for fire protection on DOE projects.  


Comment: Accepted. Fire protection system and criticality safety requirements should be 
examined simultaneously so that one does not contradict the other. 


Quality Assurance 


REQ ID# 40016] The IFSSF shall be designed in accordance with American Society of Mechanical 
Engineers (ASME) Nuclear Quality Assurance (NQA)-1 for structures, systems, and components 
(SSCs). The final safety classification shall be determined by following the process defined in 
Ref. 8, Integration of Safety into the Design Process. 


Comment: Accepted, but this is not a requirement at this pre-conceptual stage; rather, it is a 
requirement on the design process. NQA-1 does not provide a functional or operational 
requirement for the IFSSF.  


2.3.2 Requirement Expansion 


Additional draft requirements were developed using The Next Generation Nuclear Plant System 
Requirements Manual (Ref. 2) as a guide for brainstorming and requirements expansion. 
Requirements from the initial compilation shown in Section 2.3.1 are included to provide 
context, but the rationale and comments are not repeated. These requirements are marked 
with the DOORS REQ ID# listed in Ref. 1. 


Functional and Operational Requirements for the IFSSF: 


1. Material-Handling Interface 


a) The test bed will use the INL HFEF-5, HFEF-14, or other new design transfer cask to 
move ISCs from the test bed to the new IFSSF. 
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b) IFSSF shall be located within the NRIC-LOTUS facilities Perimeter Intrusion Detection and 
Assessment System (PIDAS). 


2. Operational Requirements 


a) Operational Lifetime. The IFSSF shall have an operational lifetime of 30 years [TBV] 
(Parallel to the NRIC-LOTUS test bed 20-year life plus 10-year life for storage of 
irradiated fuel salts.) 


b) Dry Storage. The IFSSF shall be designed to be a dry, air-cooled facility.  


c) Retrievable Irradiated Salt Containers. Individual ISCs must be retrievable for future fuel 
salt sampling and examination. 


d) [REQ ID# 40012] Hazard Categorization. IFSSF shall be a Hazards Category 2 or 3 Facility.  


e) [REQ ID# 40013] Criticality Safety. The IFSSF shall prevent criticality in accordance with 
Ref. 6, INL Criticality Safety Program Requirements Manual.  


f) [REQ ID# 40003] Access. The IFSSF shall have access to accept and remove ISCs.  


g) [REQ ID# 40000] Capacity. The IFSSF shall be capable of storing a minimum of [TBD] ISCs 
with dimensions [TBD] in. diameter x [TBD] in. high.  


h) [REQ ID# 40001] Future Expansion. The IFSSF shall be capable of expansion to meet 
future INL needs.  


3. Structural Requirements 


a) Structural design loads shall be determined following the provisions of Ref. 9, Natural 
Phenomena Hazards Analysis and Design Criteria for DOE Facilities. 


b) All new SSCs shall be designed following the provisions for a Nuclear Design Category 
(NDC) = 3 and a limit state of D as defined by Section 2.3.3.4 in Ref. 9 in conjunction with 
Ref. 10, Categorization of Nuclear Facility Structures, Systems, and Components for 
Seismic Design. 


c) All new SSCs shall be designed for extreme straight-line wind and tornado hazards for a 
Wind Design Category (WDC) = 3 as defined by Ref. 9 and Ref. 11, Estimating Tornado, 
Hurricane, and Extreme Straight Line Wind Characteristics at Nuclear Facility Sites: 
Maximum wind speed of 120 mph. Maximum wind speed of 87.7 mph for tornado-
driven missiles, and atmospheric pressure change of 0.175 psi. 


d) Extreme Precipitation Design Category (PDC) = 3 as defined by Ref. 9. 


e) Ground Snow Load = 79.3 lb/ft2 


f) Flood Design Category (FDC) = 3 as defined by DOE 1020-2016. 


g) Volcanic (Ashfall) = Not required 


h) Modular Construction. The IFSSF shall be designed and constructed using and 
demonstrating modular plant construction. 


i) The IFSSF shall be designed for a reference seismic event {TBD}.  
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j) The IFSSF shall be designed such that the minimum level at which a shutdown is 
required to evaluate the condition of the plant following an earthquake shall be [0.1g] 
Peak Ground Acceleration (PGA) [TBV]. 


k) A seismic margin assessment (SMA) shall be performed based on the provisions of 
Ref. 12, Seismic Design Criteria for Structures, Systems and Components in Nuclear 
Facilities [TBV].  


l) Structural Load Capacity. The Structural Load Capacity of the IFSSF (dead loads and live 
loads) shall be [TBD] lb/sf. 


m) [REQ ID# 40002] Loading capacity. The IFSSF shall be capable of supporting ISCs 
weighing up to [TBD] lb. Note: “casks” was updated to “containers.” 


n) [REQ ID# 40006] Weather Protection. The IFSSF shall protect ISCs from weather. Note: 
“casks” was updated to “containers.”  


4. Environmental Requirements 


a) Clean Air Act. The IFSSF dry, air-cooled storage shall comply with applicable 
requirements of the Clean Air Act / Air programs 


b) Waste Minimization. The IFSSF shall minimize the generation of all wastes, including 
radioactive, nonradioactive, and mixed wastes, and shall comply with applicable DOE 
Orders and EPA regulations regarding the treatment of these wastes. 


c) The IFSSF shall comply with the National Environmental Policy Act (NEPA). 


5. Instrumentation and Control Requirements 


a) Single Control Room. The IFSSF shall be monitored and controlled from a single control 
room [TBV] to monitor activity inside the access fence and facility. 


6. Surveillance and In-Service Inspection Requirements 


a) Maintenance and Inspection Space. The IFSSF shall include adequate space for 
maintenance and inspection of ISCs. [Rationale: Containers may require additional 
maintenance and periodic inspection while in storage.] 


b) The IFSSF shall be monitored for activity with a remote motion-activated thermal 
camera system [TBV]. 


c) The IFSSF shall have daily inspections performed according to a checklist. 


i) Ensure facility or building integrity (no roofing leaks or other breaches of exterior by 
weather). 


ii) Ensure airflow in dry storage configuration. 


7. Security Requirements 


a) [REQ ID# 40010] Security. The IFSSF shall have increased security provisions. 


 


8. Availability Requirements 
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a) The IFSSF shall have periodic preventative facility maintenance performed (3–5 days) [to 
be resolved (TBR)] and have an overall availability for operations of 98% [TBV]. 


9. Maintenance Requirements 


a) The IFSSF design shall include provisions for monitoring equipment status, 
configuration, and performance and for detecting and diagnosing malfunctions as a 
basis for predictive maintenance plans and decision making. 


10. Safety Requirements 


a) The IFSSF shall rely upon passive air circulation for cooling under Design Basis Accident 
(DBA) conditions. 


b) [REQ ID# 40009] Radiation and Contamination Shielding. The IFSSF shall include 
shielding to limit the dose rate from stored ISCs to [0.05] mrem/hour at 30 cm from the 
shielding [TBV]. 


c) [REQ ID# 40015] Fire Protection. The IFSSF shall be designed in accordance with Ref. 6, 
Fire Protection. 


11. Codes and Standards Requirements 


a) The design of the IFSSF shall comply with all applicable federal, state, and local codes 
and standards. Codes and standards pertinent to the nuclear industry shall only be 
utilized in the design, fabrication, and installation of the structures, systems, and 
equipment where such codes and standards are applicable. The plant designer shall list 
all applicable codes and standards and the applicable revision of each document. The 
list of codes and standards is being entered into the DOORS data base and is not 
repeated here. 


12. Construction Requirements 


a) Advanced techniques, such as factory or field-fabricated and assembled modules 
containing portions of systems or structures, shall be used (as appropriate) to reduce 
erection costs and schedule risks and to enhance quality control. 


b) The design of buildings and equipment shall facilitate plant construction and the 
installation, repair, and replacement of equipment. 


13. Decommissioning Requirements 


a) Upon completion of its useful life, the IFSSF shall be put into a condition of safe storage 
for [TBD] years and then decommissioned and dismantled to allow continued use of the 
land as a power plant or industrial site. Rationale: Barring repurposing of these facilities, 
their footprint may be required for different future activities. 


 


2.3.3 Systems Requirements for the Irradiated Fuel Storage Units 
1. Irradiated Fuel Storage Unit Requirements 
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a) Each storage unit shall comprise at least two fission product barriers:  


i) The ISC (specified by reactor demonstration vendor)  


ii) An OC forming a fission product confinement and water exclusion barrier  


b) The outer fission product barrier, including the lid closure, shall be fully leak tested in 
accordance with Ref. 13, Radioactive Materials Leakage Tests on Packages for Shipment, 
either to 10-7 ref cm3/s or to a level determined by release calculations.  


c) The outer fission product barrier shall survive without increased leakage or major loss of 
shielding accidents consistent with handling operations, site seismic conditions, fire and 
increased internal pressure, and flooding.  


d) Neutron multiplication constant (keff) shall remain below 0.95 including uncertainty, 
with interspaced moderation by water consistent with the seal design, monitoring, and 
design basis ambient conditions including humidity, flood, sprinkler activation, etc.  


e) The system safety functions shall be completely passive. For example, there shall be no 
pumps or fans required for cooling or water removal.  


f) An outer fission product barrier with bolted and mechanically sealed closures shall be 
monitored for leakage unless criticality safety is demonstrated with optimally 
interspersed moderation by water.  


2. The maximum dose rate at any point on the storage unit exterior in its configuration at the 
time of closure shall be 200 mrem/hr to allow for manual closure and retrieval operations. 
The closure configuration may include temporary shielding. 


2.3.4 Requirements Further Development 
Additional requirements identified for future development are included in Appendix B, IFSSF 
Requirements, and in the DOORS database. These include the following: 


• Requirements identified as part of the asset decomposition and functional requirement 
tracing described in Chapter 4 of this report. 


• NRIC-LOTUS test bed requirements identified as applicable to the IFSSF from the industry 
codes and standards, the regulations, and the plant requirements. 


2.4 IFSSF Operational Concept 
2.4.1 Initial Operational Concept 


Reference 1, NRIC Deactivation and Decommissioning Capability Preconceptual Design 
Summary Report provided the initial starting point for the IFSSF operational concept: 


 


Store Irradiated Fuel Salt  
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Description: The loaded HFEF-5 (or similar cask) is used to transfer the ISC from the NRIC-
LOTUS test bed to the IFSSF (to be constructed). Using facility procedures, the ISCs are 
placed into vault-like or cask dry storage for up to 20 years (extended to 30 years for this 
study). Where possible, cask and containers should be compatible with existing INL 
equipment. The irradiated fuel salt is stored until reuse, transfer to another owner, or 
eventual disposal. In the case of disposal, the fuel salt should be handled in a manner 
consistent with INL’s long-term strategy for the current DOE spent-fuel inventory, which 
will be disposed at a national repository using the DOE standard canister and cask 
system.  


Precondition: The ISC has been transferred to the IFSSF using the HFEF-5 (or alternate 
cask).  


Postcondition: All ISCs have been placed into extended dry storage vaults or casks.  


2.4.2 Operational Concept Further Development 


The BGS team initially developed a simple listing of operational steps. Additional operational 
scenarios have continued to be developed and are included in Appendix C, IFSSF Operational 
Scenarios. The scenarios are also included as action diagrams in the Innoslate tool. These 
include the following operations. 


Normal Operations, Indoor Multi-Canister Cask Storage 


• Initial delivery and installation 


• Seal monitoring 


• ISC retrieval for examination or for fuel retrieval at the IFSSF 


• Multi-cask transfer to another facility on the INL site 


• Transfer off-site 


Off-Normal Conditions, Indoor Multi-Canister Cask Storage 


• Actions following off-normal handling or environmental conditions (cask drop, impact, 
earthquake, flood, etc.) 


• Seal replacement 


• ISC retrieval for examination at a separate INL facility such as HFEF 


Normal Operations, Indoor Open Vault 


• Initial delivery and installation with the Light Weight Transfer Cask (LTC) 


• Initial delivery and installation with the HFEF-5 cask 


• OC seal monitoring 


• ISC retrieval for examination or for fuel salt retrieval at the IFSSF 
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• ISC transfer to another facility on the INL site 


• Transport off-site 


Off-Normal Conditions, Indoor Open Vault 


• Actions following off-normal handling or environmental conditions (cask drop, impact, 
earthquake, flood, etc.) 


• Seal replacement 


• ISC retrieval for examination at a separate INL facility such as HFEF  
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3 TECHNICAL EVALUATION OF CONCEPTS AND 
REQUIREMENTS 


As described previously in Chapter 2, Ref. 1 provided an initial set of requirements and a top-
level action statement for the operational concept. The BGS evaluation of these included 
discussion and collaboration with the INL team to identify some key constraints and 
requirements imposed by the reactor demonstrator, the need for further decomposition of 
requirements and operational scenarios, and high-priority analyses needed to support the IFSSF 
alternatives trade study.  


3.1 Key Constraints and Requirements 
Key requirements and constraints imposed by the reactor demonstrator include the following: 


• The inner ISC diameter is limited to a maximum of 7.25 in. so that flooded or oxidized 
fuel salt will remain subcritical. 


• There is no fixed limit on ISC height, but the Reactor Design Team predicts the ISC to be 
40 to 48 in. in length based on the physical constraints of loading the HFEF-5 and the 
anticipated operational concept for loading. 


• A key constraint for the shielding study is the use of the nominal burnup of 10 kWt for 
1000 hr. While maximum reactor power is limited to 500 kWt, many zero-power and 
low-power runs reduce the burnup to the nominal constraint. 


Discussion with engineering staff also identified concerns about below-grade vaults because of 
the need to preclude water. For dry cask storage, the ability to meet the increased security 
requirements was identified as a concern. 


3.2 Decomposition of Requirements and Operational Scenarios 
IFSSF system-level requirements were not included in Ref. 1. These initial concepts and 
requirements will require considerable decomposition to derive appropriate requirements and 
operational concepts for SSCs in enough detail to enable the IFSSF SSCs to be bought and built. 
Further decomposition was performed to support the trade study and is described in Chapter 4, 
Appendix B, and Appendix C. 


The timelines in that report show a 2025 operational capability, and the text indicates a 1-year 
time frame for a reactor demonstration. These provided a basis for deriving requirements for 
the facility schedule and operational durations. 


3.3 High-Priority Analyses  
Three areas were identified as high-priority analyses that were needed to support the IFSSF 
alternatives trade study: criticality safety, the increased security posture, and shielding. 
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3.3.1 Criticality Safety 


Criticality safety calculations are needed to verify that the proposed storage systems meet the 
criticality requirement for keff + uncertainty ≤ 0.95 and determine whether moderator exclusion 
is required to achieve this result. Criticality safety analyses are summarized in Chapter 5 and 
provided in more detail in Appendix E. At this early stage, the results should show an ample 
margin below 0.95 to provide a margin for more detailed future calculations that may include 
additional design basis conditions.  


3.3.2 Increased Security Requirements  


The initial requirements included [REQ ID# 40010]: Security. The IFSSF shall have security 
provisions consistent with the requirements of an increased security facility. The INL Design 
Team also provided Ref. 3, Modifications to ZPPR Cell Access and Structures, as a guide to 
potential requirements. Reference 3 was used to guide the selection of the structures for the 
IFSSF. Working in conjunction with INL security to decompose this requirement and derive 
lower level functional and operational requirements is very important to developing the overall 
architecture and concepts for the IFSSF. Lower-level requirements such as material 
accountability techniques and approaches or the structures required for physical security must 
also be considered as the design progresses. Additional discussion is provided in Chapter 5. 


3.3.3 Shielding 


Analyses are needed for evaluation of ISC transfer and storage including evaluation of multi-
containers in a transport/storage cask. The evaluations will consider the first reactor 
demonstration as typical. It is expected that reactors would operate for about 6 months, and 
the amount of shielding needed will be dependent on the degree of irradiation experienced 
over that period. A key constraint imposed for the shielding study is the use of the nominal 
burnup of 10 kWt for 1000 hr. Maximum reactor power is limited to 500 kWt, but many zero-
power and low-power runs reduce the burnup to the nominal constraint. Shielding analyses are 
summarized in Chapter 5 and then discussed in more detail in Appendix F. 
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4 ASSET DECOMPOSITION, DESCRIPTION, AND 
FUNCTIONAL REQUIREMENT TRACING 


This section describes the decomposition of assets and the link to functional requirements. 
Many support systems will be similar for all three alternatives. The updated requirements are 
included in the DOORS database and shown in Appendix C, IFSSF Operational Scenarios. The 
first level of decomposition for the IFSSF is shown in Figure 4-1. Table 4-1 discusses the asset 
(e.g., SSC) in terms of name, description, and functional requirements. 


 


Figure 4-1. First-Level Decomposition of the IFSS 


Table 4-1. IFSSF Top-Level System Requirements 


 System Name Description Requirements 


 ISFFS Structures for 
Indoor Open Vault and 
Indoor Multi-Canister 
Storage 


The structure has 8-ft-thick dual 
layer outer walls based on FOR-616 
(Ref. 3). Designed to protect 
against natural phenomena and 
sabotage. 


The provisions of ANSI/ANS-2.3-
2011 (Ref. 11) shall be followed for 
a facility in Region III as indicated in 
Figure 1 of the standard for 
extreme and rare wind events. The 
associated velocity for a tornado-
driven missile shall be based on the 
reoccurrence interval as defined by 
Table 4-1 of DOE 1020-2016 
(Ref. 9) for WDC-3 criteria. 
The structures shall provide 
resistance to blast and other 
credible threats. 
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 System Name Description Requirements 


1 Electrical Distribution An emergency backup generator 
may be required for security 
purposes or other critical pieces of 
equipment. Note that the 20-ton 
Bridge Cranes would require 480 V 
3 phase 60 amp electrical. 


The facility shall provide adequate 
electrical distribution for 
ventilation fans/system, operation 
of 20-ton bridge cranes, facility 
lighting, receptacles, 
instrumentation, a hot cell, and an 
optional forklift charging station. 


2 Ventilation Primary and Secondary Ventilation 
Systems plus High Efficiency 
Particulate Air (HEPA) filtration 
systems on the Hot Cell. Filter 
housings would require test points 
to allow for semiannual in-place 
leak testing to ensure that filters 
meet the required efficiencies. 


The IFSSF shall provide Heating 
Ventilation and Cooling (HVAC) 
systems with the potential for 
Secondary and/or Primary 
Ventilation Systems for the hot cell 
space and potentially the storage 
vault space to mitigate release of 
radioactive material. 


3 Cover Gases [Argon, 
Nitrogen] 


Desire to retrieve ISCs for 
inspection and/or sampling and 
then repackage for storage. Helium 
leak testing would be performed 
after repackaging. 


The IFSSF shall provide a Cover Gas 
Cylinder Station with Manifold 
setup in the facility with piping to 
Maintenance / Inspection Area and 
Hot Cell area. 


4 Fire Protection The Fire Protection System 
mitigates equipment loss during 
facility fires. Should be 
coordination between Fire 
Protection and Criticality Safety 
Staff on type of system. 


[REQ ID# 40015] The IFSSF shall be 
designed in accordance with DOE-
STD-1066, “Fire Protection. NOTE: 
DOE requires special permission for 
the use of HALON, CO2, FM200, or 
other oxygen-depleting agents for 
fire suppression. 


5 Material Handling  The material-handling system 
provides the mechanical 
equipment necessary to move and 
store casks (and equipment) within 
IFSSF. 


[REQ ID# 40007] The IFSSF shall 
have the ability to load/unload 
casks brought to the facility. 


6 Instrumentation and 
Controls (I&C) 


 Would this IFSSF Control Room be 
Linked to the NRIC-LOTUS Test Bed 
Control Room located in Zero 
Power Physics Reactor Test Bed 
(ZTB) Facility – INL Design Team to 
Provide Guidance. 


The IFSSF shall provide a control 
room and Instrumentation for 
monitoring ventilation systems, 
cameras, storage vault 
temperatures, radiation and 
contamination alarms. 


7 Emergency Lighting Required for safe operations in the 
case of loss of power.  


The IFSSF shall provide emergency 
lighting. 


8 Compressed Air / Plant 
Air 


System outside the building (piped 
into the facility) for any 
compressed air needs. Air may be 


The IFSSF shall provide compressed 
air.  
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 System Name Description Requirements 


used for pneumatic control 
operations for ventilation systems.  


9 Criticality Accident Alarm 
System 


The IFSSF Criticality Alarm System 
(CAS) is necessary to alert 
personnel in the event of an 
inadvertent criticality where 
significant quantities of fissionable 
material are stored or handled.  


[REQ ID# 40013] The IFSSF shall 
prevent criticality in accordance 
with LRD-18001, INL Criticality 
Safety Program Requirements 
Manual (Ref. 6). 


10 Security Requirements NRIC Design Team also provided 
FOR-616 (Ref. 3), Modifications to 
ZPPR Cell Access and Structures, as 
a guide to potential requirements.  


The IFSSF shall provide assessment 
technology, detection technology, 
access control devices and delay 
elements.  


11 Radiation Control 
(RADCON) 


The RADCON System provides for 
the required equipment, 
procedures, and processes for the 
radiological protection within IFSSF 
and mitigates the transfer of 
radioactive contamination outside 
IFSSF. 


The IFSSF shall provide radiation 
and detections systems to monitor 
for dose rates and for radioactive 
releases during transfer operations 
and hot cell operations. IFSSF shall 
be maintained as an RBA as 
established in LRD-15001, 
Radiological Control Manual 
(Ref. 4). 


12 Potable Water and 
Sanitary Sewerage 


Personnel toilet and wash stations 
may need to be stationed in IFSSF. 


Personnel sanitation systems shall 
be provided. 


 


Table 4-2. Further Decomposition of IFSSF Systems Assets and Requirements Decomposition 


Asset Description Functional Requirements 


ISFFS Structures for Indoor Open Vault and Indoor Multi-Canister Storage 
IFSSF Indoor Open 
Vault Structures 


The storage units or “pits” are pre-cast 
concrete modules placed in an above-
grade canyon (vault). Only the initial 
modules are installed. Future 
demonstrations would include 
additional modules (could be a 
modified design to accommodate 
variations in future demonstrations). 


The vault storage units shall be 
modular units for storage of the ISC 
and outer containers from the 
molten salt demonstration reactors. 


Penetration-resistant 
walls 


Walls will require resistance to 
tornado-driven missile impact 
requirements and extreme straight-
line winds. Based on Table 4 of 
ANSI/ANS-2.3-2011 (Ref. 11), 
applicable missile criteria shall include 
4000 lb automobile, 287 lb schedule 


The provisions of ANSI/ANS-2.3-
2011 (Ref. 11) shall be followed for a 
facility in Region III as indicated in 
Figure 1 for extreme and rare wind 
events. The associated velocity for a 
tornado-driven missile shall be 
based on the reoccurrence interval 
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Asset Description Functional Requirements 


40, 6-in. diameter x 15-ft-long pipe 
and a 0.147-lb 1-in.-diameter solid 
steel sphere. 


as defined by Table 4-1 of DOE 
1020-2016 (Ref. 9) for WDC-3 
criteria. 
The wall shall provide resistance 
blast and other credible threats. 


Penetration-resistant 
roof 


Roof structure will require resistance 
to tornado-driven missile impact and 
extreme straight-line winds following 
the same provisions required for the 
exterior walls except for a 4,000-lb 
automobile missile as these criteria do 
not apply to elevations greater than 
30 ft above plant grade. 


The provisions of ANSI/ANS-2.3-
2011 (Ref. 11) shall be followed for a 
facility in Region III as indicated in 
Figure 1 for extreme and rare wind 
events. The associated velocity for a 
tornado-driven missile shall be 
based on the reoccurrence interval 
as defined by Table 4-1 of DOE 
1020-2016 (Ref. 9) for WDC-3 
criteria. 
The roof shall provide resistance 
blast and other credible threats. 


Vehicle and 
transporter bay 


Vehicle and transporter shall be used 
for loading and unloading of casks 
inside the facility. 


Vehicle and transporter bay shall be 
of adequate size and height to allow 
loading and unloading of a standard 
design vehicle. 


Modular Hot cell Similar to the unit proposed for the 
first NRIC-LOTUS test bed 
demonstration. 


Shall be designed with shielding to 
reduce doses. 


Personnel and 
control areas 


Personnel and control areas shall 
consist of a control room, restrooms, 
don/doff (PPE dressing) room. 


TBD 


Utility areas Utility areas will consist of a 
mechanical room and/or a 
miscellaneous storage area. 


TBD 


IFSSF Electrical Distribution System - Decomposed 
Normal Power 
System 


The Normal Power System will receive 
commercial power from existing ZPPR 
substation or new substation for 
distribution to all equipment requiring 
power. 


The facility shall provide adequate 
electrical distribution for ventilation 
fans/systems, operation of a 20-ton 
bridge crane, facility lighting, 
receptacles, instrumentation, a hot 
cell, and battery charging as needed. 


Standby Power 
System 


The Standby Power System provides 
non-safety power in the event the 
normal power system is unavailable. 


The facility shall provide adequate 
electrical distribution for ventilation 
fans/systems, operation of a 20-ton 
bridge cranes, facility lighting, 
receptacles, and instrumentation. 
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Asset Description Functional Requirements 


IFSSF Ventilation System – Decomposed  
HVAC System The HVAC System provides fresh 


filtered and conditioned air to IFSSF 
and exhausts the air to the 
atmosphere after filtration. 


The IFSSF shall provide HVAC 
systems with secondary and/or 
primary ventilation systems for the 
hot cell space and potentially the 
storage vault space to mitigate the 
release of radioactive material. 


Hot Cell / Glove Box 
Off-Gas System 


A system that maintains the Hot Cell 
and Glove Box System under negative 
pressure and discharges air through 
HEPA filters prior to release to the 
atmosphere. 


The IFSSF shall provide HVAC 
systems with secondary and/or 
primary ventilation systems for the 
hot cell space and potentially the 
storage vault space to mitigate the 
release of radioactive material. 


IFSSF Cover Gas System – Decomposed  
Argon Gas System Argon gas is provided for welding 


applications and fuel removal 
operations from ISCs for sampling. 


The IFSSF shall provide cover gases 
to the maintenance / inspection 
area and the hot cell area to allow 
for sampling and repackaging of 
ISCs. 


Helium Gas System Helium is provided for leak testing of 
welded containers. 


The IFSSF shall provide cover gases 
to the maintenance / inspection 
area and the hot cell area to allow 
for sampling and repackaging of 
IRCs. 


IFSSF Material Handling System – Decomposed 
Bridge Cranes Bridge cranes receive and retrieve 


spent fuel storage containers and 
place precast concrete modules and 
their structural restraints for the open 
vault IFSSF concept.  


The cranes must have the capacity, 
height, and travel for the design 
basis operations.  


HFEF-5 The HFEF-5 is one option for 
transferring an ISC inside an OC to 
concrete vault storage. 


The HFEF-5 must have top and 
bottom loading capability, sufficient 
shielding to maintain dose rates 
below limits during transfer, and a 
means of handling by forklift and 
crane. 


Light Weight Transfer 
Cask 


The LTC is one option for transferring 
an ISC inside an OC to concrete vault 
storage. 


The LTC must have top and bottom 
loading capability, sufficient 
shielding to maintain dose rates 
below limits during transfer, and a 
means of handling by forklift and 
crane. 


Multi-ISC Cask A cask holding multiple ISCs is a 
transfer and storage cask that can be 
used directly for storage on a slab at 
grade. 


The MISC must have top loading 
capability, sufficient shielding to 
maintain dose rates below limits 
during transfer and storage, a 
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Asset Description Functional Requirements 


means of handling by forklift and 
crane, and a means of verifying seal 
performance during storage. 


Forklift A forklift is the preferred vehicle for 
delivering the storage units to the 
IFSSF. 


The forklift must have the capacity 
to lift the transfer cask, with height 
and floor load low enough to enter 
the IFSSF building. 


IFSSF 
Instrumentation and 
Control System 


The Instrumentation and Control 
System monitors the IFSSF equipment 
and transmits control signals to 
equipment for operation within IFSSF. 


The IFSSF shall provide 
instrumentation for monitoring 
ventilation systems, cameras, 
storage vault temperatures, and 
radiation and contamination alarms. 


IFSSF Emergency 
Lighting System 


The emergency lighting system 
illuminates the means of egress and 
any areas where operator actions are 
necessary during emergency 
situations. 


The IFSSF shall provide emergency 
lighting to assist in egress and 
actions necessary during emergency 
situations. 


IFSSF Plant Air 
System 


The Plant Air System distributes plant 
air within the IFSSF. 


The IFSSF shall provide compressed 
air for instrumentation and 
pneumatic control operations for 
ventilation systems. 


IFSSF RADCON System – Decomposed  
Radiation / 
Contamination Alarm 
Systems 


The radiation monitoring system 
includes CAMs, PCMs, and hand/foot 
monitors. 


The IFSSF shall provide radiation and 
detections systems to monitor for 
radioactive releases during transfer 
operations and hot cell operations. 


Radiological Buffer 
Area 


The RBA maintains an area for 
donning / doffing Personnel Protective 
Equipment (PPE). 


The IFSSF shall be maintained as an 
RBA as established in LRD-15001 
Radiological Control Manual (Ref. 4). 


IFSSF Criticality Alarm System – Decomposed  
High-Range Gamma 
Radiation Monitors 
and Detectors. 


Components of CAS necessary to 
detect inadvertent criticality event. 


[REQ ID# 40013] The IFSSF shall 
prevent criticality in accordance 
with LRD-18001, INL Criticality 
Safety Program Requirements 
Manual (Ref. 6). 


Warning Horns Components of CAS necessary to alert 
personnel in the event of an 
inadvertent criticality event. 


[REQ ID# 40013] The IFSSF shall 
prevent criticality in accordance 
with LRD-18001, INL Criticality 
Safety Program Requirements 
Manual (Ref. 6). 


Revolving Blue Lights  Components of CAS necessary to alert 
personnel in the event of an 
inadvertent criticality event. 


[REQ ID# 40013] The IFSSF shall 
prevent criticality in accordance 
with LRD-18001, INL Criticality 
Safety Program Requirements 
Manual (Ref. 6). 
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Asset Description Functional Requirements 


IFSSF Water and 
Sewer Systems 


Potable water is provided from the 
Materials and Fuels Complex (MFC) to 
IFSSF facility for personnel lavatories 
and wash stations. 


The IFSSF shall provide potable 
water and lavatories for personnel 
sanitation. 


Security Door System 
for vehicles 


Includes weather rollup door, security 
gate, and heavy security door. 


TBD 


Table 4-3. Decomposition for IFSSF Outdoor Overpack Assets and Requirements 


Asset Description Functional Requirements 
IFSSF Slab on Grade A slab to support the Outdoor 


Overpacks containing the canisters. 
The slab shall support the Outdoor 
Overpacks. 


Storage Overpacks Overpack is a hybrid steel-concrete 
composite with a reinforced concrete 
core that is very resistant to 
penetration. 


The Overpack shall provide 
protection from missiles and 
explosive attacks. 


Truck crane A mobile larger truck hydraulic crane 
(250-ton) to place and retrieve the 
outdoor overpacks and the canisters. 


Provide material handling for MISC 
Transfer & Storage Cask 18.7 tons / 
MISC Precast Overpack 146.1 tons 
(Lid 29.2 tons) 


Double Perimeter 
Fencing and security 
blocks 


Security fencing to comply with 
Security requirements. Exterior & 
interior security fences, motion 
detection, lighting, precast concrete 
blocks around interior fence, 11 ft x 
11 ft x 9 ft 


The fence shall establish the 
boundary for the available 80 ft x 
160 ft area for the IFSSF. 


Electrical System Electrical system supporting 
monitoring and other security. 


 


Security Systems Monitoring, intrusion detection, and 
access control. 


 


Table 4-4. Decomposition for Vault Storge Units Assets and Requirements 


Asset Description Functional Requirements 
Precast Concrete 
Vault Storage Pit 


The vault pit is a concrete module with 
a central hole, either steel lined or 
unlined, in which an OC/ISC assembly 
can be placed. 


The pit must have diameter and 
depth able to accept the ISC with its 
lifting attachment. 


Vault Shield Plug A shield plug is placed over the loaded 
vault pit. The draft concept of the 
shield plug is a concrete-filled steel 
shell.  


The shield plug must reduce the 
dose rate at the surface of the 
storage area to below an acceptable 
limit, it must have a removable 
lifting feature, and it must have a 
locking or tamper-indicating feature. 
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Asset Description Functional Requirements 
Irradiated Salt 
Container  


The ISC is the primary container that is 
loaded with the irradiate fuel salt. 


The requirements for the ISC are 
outside the scope of this project. 


Outer Container  The outer container holds the ISC. The OC provides seals for 
radioactive material and inert gas 
confinement. It provides top axial 
shielding for closure operations. It 
provides a means of helium leak 
testing and inert gas backfill. It 
provides a lifting feature that can be 
grappled and released remotely. 


Table 4-5. Decomposition for Multiple Irradiated Storage Container Assets and Requirements 


Asset Description Functional Requirements 
Multiple Irradiated 
Storage Container 
Cask 


The MISC was designed to hold seven 
ISCs in a single storage cask. 


The MISC provides seals for 
radioactive material and inert gas 
confinement. It provides a means of 
helium leak testing and inert gas 
backfill. It provides a lifting feature 
that can be grappled and released 
remotely. It provides a means of 
monitoring lid seals for leakage. 


Carbon Steel Tubes The tubes form compartments to hold 
the ISCs inside their inner containers 
(ICs). 


The tubes contribute to the radial 
shielding, heat removal, and 
structural resistance under cask 
drop or other impact accidents.  


MISC Inner Container The ISC is loaded into a thin-shelled, 
unsealed IC that permits top loading 
and retrieved from the MISC cask. 


The IC must provide top axial 
shielding that permits the MISC lid 
to be removed outside a hot cell. It 
must provide a lifting feature that 
can be remotely grappled and 
released and that can be manually 
attached and removed. 


MISC Shield Cover The lid of the MISC cask provides 
shielding, confinement, and lifting 
functions. 


The lid must be designed with hoist 
rings and lid bolts for lifting the 
loaded cask. 


Irradiated Salt 
Container  


The ISC is the same for the MISC cask 
as it is for concrete vault storage. 


 


MISC Silver seals The MISC cask lid is sealed with 
concentric spring energized silver-
plated c-rings. The port plug and its 
cover have similar single c-rings. 


The seals must maintain leakage 
below a specified limit, to be 
determined, for the life of the cask. 


Helium Seal Gas The backfill gas may be helium or a 
helium/argon mixture. 


Dry inert gas cover is required to 
keep the fuel salt dry in the event of 
ISC leakage. Helium is required as 
the tracer gas for quantifiable leak 
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detection using a helium mass 
spectrometer. 


Helium Leakage 
Monitor 


A small tank atop the MISC cask is 
connected to the space between the 
two lid seals and between the port 
plug and its cover. The tank is 
pressurized, and pressure switches 
indicate an alarm if the pressure drops 
to a specified level, indicating a leak in 
one of the seals. 


The tank pressure and the low-
pressure alarm are designed to 
allow adequate time, typically 
30 days, for corrective action. Seal 
monitoring is required because the 
MISC cask depends on moderator 
exclusion for criticality safety. 
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5 PRECONCEPTUAL ALTERNATIVES AND TRADE 
STUDY 


The first part of Chapter 5 describes the development of the preconceptual alternatives for the 
IFSSF, the decomposition of assets (SSCs) and requirements tracing, and the supporting 
analyses. The latter part of Chapter 5 describes the trade study that was prepared to guide the 
alternatives assessment and presents the recommendations from that trade study.  


5.1 Preconceptual Alternatives  
The D&D report which preceded this study, Ref. 1, evaluated the use of other INL storage 
facilities but recommended that “irradiated fuel salt from reactor experiments in NRIC-LOTUS 
test bed should be stored in salt form in a new location at the Materials and Fuels Complex.” 


Both an “Above-Grade Vault” and an “At-Grade Vault” were initially considered during the 
preparation of this report. An At-Grade Vault is less favorable compared with an Above-Grade 
Vault because of cost and security concerns with blasting of the basalt inside the PIDAS as well 
as the increased risk from water intrusion.  


Similarly, a vault-style system requiring new or modified external walls for each modular 
expansion was not carried forward in favor of concepts that establish the footprint and then 
use internal expansions. 


The initial concepts of vault-like or cask dry storage identified in the operational concept 
evolved to three concepts for evaluation in the trade study. These concepts are shown in Figure 
5-1 and further discussed in the sections that follow. 
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Figure 5-1. The Three Preconceptual Alternatives Evaluated 


All three concepts use an inner ISC based on preliminary dimensions from the initial reactor 
demonstration design.  


The initial evaluation in the development of preconceptual alternatives was to determine the 
available footprint based on the available area within the ZPPR PIDAS. The proposed layout is 
shown in Figure 5-2 and includes an 80 x 160 ft rectangular area with an area for pads for 
supporting systems. This layout was selected to maximize the available footprint while still 
leaving room for roads, lay down areas, and supporting structures such as utility pads. 
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Figure 5-2. Available Area for the IFSSF 


5.1.1 IFSSF Indoor Open Vault  


The IFSSF Indoor Open Vault is located inside PIDAS in the northeast quadrant, as shown in 
Figures 5-3 to 5-5 and in Appendix A, Additional Supporting Drawings and Models. 


The vault has 8-ft-thick dual-layer outer walls based on Ref. 3. The concept is based on an 80 x 
160 ft footprint. 


Truck and transporter access is provided with a weather door, roll-up door, and heavy security 
door. 


The storage units or pits are pre-manufactured 3 x 3 x 6 ft units that hold the storage canisters. 
The spacing and dimensions of the storage units or pits containing the ISC/OC are based on the 
criticality safety analyses. Each storage unit/pit holds one OC/IC storage unit. Each module 
includes a secure shielded cover. 


Storage units are placed like puzzle pieces and secured with retention structures to prevent 
tipping in a seismic event. The preconceptual design is based on PRECAST Vertical Vaults (or 
pits) to allow efficient placement using the cranes and effective use of the open storage 
canyon. The precast concrete modules do not have interlocking features such as a dovetail and 
dovetail groove. The modules have flat sides that are stacked against one another. Only as 
many as are needed for a particular experiment in the NRIC-LOTUS test bed are installed. BGS 
proposes that these can be held in place by a strongback/waler/brace system similar to that of 
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a one-sided concrete wall formwork, anchored to the vault floor, and moved back as new 
modules are added. Other means could be devised, such as a structure of interlocking steel 
plates between the precast modules. 


Storage unit/pit modules are installed as needed for each reactor demonstration. The 
preconceptual design is based on the 36 in. x 36 in. x 72 in. precast units which would weigh 
approximately 3 tons. Variations such as double or triple vaults can be accommodated if 
preferred but are constrained by the capacity of the cranes (20 tons). The walls surrounding the 
storage areas are 6 ft high. 


This concept is compatible with the HFEF-5 cask, which is owned by INL. Use of the HFEF-5 cask 
would not require a new transfer cask design, licensing, or training. The concept is also 
compatible with other transfer casks like the Light Weight Transfer Cask (LTC) that was being 
investigated by BGS as an alternative for the removal of ISCs from the NRIC-LOTUS test bed. A 
maintenance and hot cell area is included in the concept. 


Twenty (20)-ton bridge cranes are provided for each storage area. The cranes were sized based 
on estimates of the weights that need to be lifted. The HFEF-5 cask is 16 tons, the LTC is 
approximately 3.3 tons, and the MISC Transfer & Storage Cask is approximately 18.7 tons. A 20-
ton bridge crane is also included for the truck/transporter bay. 


Flush salt would be temporarily stored on racks in the storage areas as needed. The racks would 
be placed in the open canyons. 


Walls surrounding the secure portion of the building shall be composed of a three-layer system 
for security that include two 2-ft outer and inner concrete walls which sandwich a 4-ft layer of 
aggregate for a total composite wall thickness of 8 ft 0 in. Wall construction will consist of 
reinforced concrete containing fiber reinforcing. Both interior partition walls and exterior 
structural walls of the non-secure portion of the building, which houses the control room, 
storage, changeout area, restrooms and work areas, will be constructed with 12-in. reinforced 
concrete. 


Wall and roof construction will be designed for extreme environmental hazards as determined 
by the provisions of Ref. 9 for seismic, extreme straight-line wind, tornado, and tornado-driven 
missile impact. 
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Figure 5-3. IFSS Indoor Open Vault Showing HFEF 5 Placing Canister in an Individual Storage 
Location 


 


 


Figure 5-4. Floor Plan for IFSSF Indoor Open Vault 
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Figure 5-5. Transporter Loading Storage Canisters in IFSSF Indoor Open Vault 


5.1.2 IFSSF Indoor Multi-Canister Cask Storage 


The IFSSF Indoor Multi-Canister Cask Storage is located inside the PIDAS in the northeast 
quadrant, as shown in Figures 5-6 to 5-8 and in Appendix A, Additional Supporting Drawings 
and Models. 


Building construction will mimic the construction described for the IFSSF Indoor Open Vault 8-
ft-thick dual-layer outer walls based on Ref. 3. The Indoor Multi-Canister Cask Storage has an 
80 x 160 ft footprint. 


This concept uses MISC dual-use transfer and storage casks each containing seven IC/OC sets. 
The spacing and dimensions of the multi-canister cask containing the IC/OC are based on the 
criticality safety analyses that require the outer container to include features that prevent the 
intrusion of water vapor or liquid water under normal and accident conditions. MISC storage 
casks are stored on the concrete pad at grade. Casks may be anchored to the pad if required for 
security. Casks include a system to monitor lid seals for leakage. Each cask holds seven storage 
IC/OC containers. 


The casks are spaced 8 ft apart center to center with a nominal 3 ft walkway between casks. 
Higher density placements may be possible and should be evaluated if this concept is carried 
forward. Because the casks are placed in the open canyons, this concept can accommodate a 
variety of cask designs suitable for future demonstrations. Future casks are constrained by the 
canyon wall height and the crane capacity. 
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Twenty (20)-ton bridge cranes are provided for each storage area. A 20-ton bridge crane is also 
provided for the for the truck/transporter bay. The cranes were sized based on initial estimates 
of the weights. The MISC is approximately 18.7 tons.  


Truck and transporter access is provided with weather door, roll-up door, and heavy security 
door. 


 


Figure 5-6. IFSSF Indoor Multi-Canister Cask Storage 
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Figure 5-7. Floor Plan for IFSSF Indoor Multi-Canister Cask Storage 


 


 


Figure 5-8. Section View of the Multi-Canister Cask 
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5.1.3 IFSSF Outdoor Overpack with Multi-Canister Cask 


The IFSSF Outdoor Overpack with Multi-Canister Cask is shown in Figures 5-9 and 5-10 and in 
Appendix A, Additional Supporting Drawings and Models. 


The footprint is the same as that used for the other alternatives (80 x 160 ft). The storage area 
is surrounded by two chain link security fences and a stacked concrete block barricade. Storage 
overpacks are located within the storage area. 


Each overpack is a hybrid steel-concrete composite with a reinforced concrete core that is very 
resistant to penetration. Such construction would probably be prohibitive for buildings, but a 
polyurea layer bonded to the inside and outside surfaces might be practical. Overpacks are 
stored close together with no space between. Interior multi-container casks are surrounded by 
the overpack and lid. Overpacks are about 11 ft square x 9 ft high. For impact resistance, the 
sides and top are a 3-ft-thick steel-concrete composite with a reinforced concrete core. 
Overpacks need to be anchored to the pad. 


This concept is shown in Figure 5-9 without a maintenance and hot cell area. A standalone 
secure maintenance building inside the PIDAS is optional. A security detail will be needed to 
remove a storage cask from an overpack, regardless of where it is being taken. 


The inner overpacks could be accessed with a larger truck hydraulic crane from the access 
roadway outside the fence. The overpack is estimated to weigh 29.2 tons. 


 


 


Figure 5-9. IFSSF Outdoor Overpack with Multi-Canister Cask 


 







 


 BGS-BEA-TR-02 September 2022 48 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


 


Figure 5-10. IFSSF Outdoor Overpack with Multi-Canister Cask 


5.1.4 Summary of Features for Preconceptual Alternatives 
Table 5-1 provides a summary description of the features to be found in the three 
preconceptual alternatives for the IFSSF. 


Table 5-1. Summary of IFSSF Features 


Feature IFSSF Indoor Vault IFSSG Indoor Multi-
Container Cask Storage 


IFSSF Outdoor Overpack 
with Multi-Container 


Cask 
IFSSF Footprint IFSSF Main Structure 


80’ E-W x 160’ N-S 
Exterior Mechanical 
Pad 25' E-W x 50' N-S 
Exterior Electrical Pad 
15' E-W x 30' N-S 


IFSSF Main Structure 80’ 
E-W x 160’ N-S 
Exterior Mechanical Pad 
25' E-W x 50' N-S 
Exterior Electrical Pad 15' 
E-W x 30' N-S 


IFSSF Security Fence 80’ 
E-W x 160’ N-S 
SOG Concrete Pad 48' E-
W x 128' N-S 


IFSSF Useable Storage 
Space 


2 Bays 27'6" E-W x 
78'6" N-S = 4,317.5 sf 


2 Bays 27'6" E-W x 78'6" 
N-S = 4,317.5 sf 


SOG 48'0" E-W x 128'0" 
N-S = 6,144 sf 


Sampling & Cask 
Maintenance 


Sampling Area 27'6" E-
W x 17' N-S 
Maintenance Area 
27'6" E-W x 17' N-S 


Sampling Area 27'6" E-W x 
17' N-S 
Maintenance Area 27'6" 
E-W x 17' N-S 


Sampling and 
Maintenance Area - 
None 
Assumed that MISC 
would be transferred to 
MFC HFEF 


Location NE corner of ZPPR 
PIDAS 


NE corner of ZPPR PIDAS NE corner of ZPPR PIDAS 


Indoor / Outdoor Indoor Indoor Outdoor 
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Feature IFSSF Indoor Vault IFSSG Indoor Multi-
Container Cask Storage 


IFSSF Outdoor Overpack 
with Multi-Container 


Cask 
Protective Structure Dual-Layer Cast in 


Place Concrete Walls 
(1'0") with Gravel 
Interior (4'0") - Total 
8'0" Thick 


Dual-Layer Cast in Place 
Concrete Walls (1'0") with 
Gravel Interior (4'0") - 
Total 8'0" Thick 


Penetration Resistant 
Overpacks Exterior & 
Interior Security Fences, 
Motion Detection, 
Lighting, Precast 
Concrete Blocks around 
Interior Fence, 
11’x11’x9’  


Canister storage unit 3x3x6 ft precast 
storage pits for single 
container 


Dual-use transfer and 
storage cask for multiple 
containers (7 for first 
demo) 


Dual-use transfer and 
storage cask for multiple 
containers (7 for first 
demo) 


Storage Capacity - 
ISC/OCs  


480 Depends on spacing which 
is TBD 


308 


Demonstration Reactor 
Experiments Supported  


18 >20 11 


Transfer Cask for NRIC-
LOTUS Test Bed to 
IFSSF 


HFEF-5, LTC Dual-use MISC Transfer 
and Storage cask 


Dual-use MISC Transfer 
and Storage cask / MISC 
Precast Overpack 


Receiving Area Indoor / Trucks and 
Forklifts 


Indoor / Trucks and 
Forklifts 


Outdoor / Trucks, 
Forklifts, Heavy Lift 
Hydraulic Truck Cranes 


Movement of 
Containers or Casks 


20-ton Overhead 
Bridge Cranes (1 for 
each Bay) 


20-ton Overhead Bridge 
Cranes (1 for each Bay) 


Larger Truck Hydraulic 
Crane (250 tons) - Initial 
MISC Overpack 
Unloading Inside 
Security Fence / Future 
Sampling Outside 
Security Fence 


Weights HFEF-5 Transfer Cast 
16.0 tons 
LTC Transfer Cask 
Precast Vertical Vaults 
3.3 tons 
Precast Vertical Vaults 
2.75 tons 


MISC Transfer & Storage 
Cask 18.7 tons 


MISC Transfer & Storage 
Cask 18.7 tons / MISC 
Precast Overpack 
146.1 tons 
(Lid 29.2 tons) 


Storage container 
concept 


ISC with outer 
container credited to 
prevent water 
intrusion 


ISC with unsealed inner 
container for handling 
only. Cask credited to 
prevent water intrusion 


ISC with unsealed inner 
container for handling 
only. Cask credited to 
prevent water intrusion 


Monitoring features Monitoring is optional 
for concrete vault 
storage that is 


Monitored Double 
Concentric MISC Cask Lid 
Seals 


Monitored Double 
Concentric MISC Cask Lid 
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Feature IFSSF Indoor Vault IFSSG Indoor Multi-
Container Cask Storage 


IFSSF Outdoor Overpack 
with Multi-Container 


Cask 
criticality safe with 
water intrusion. 
Monitoring would 
require modification 
to OC, e.g., 
pressurized interior 
with pressure gauge 
penetrating the 
containment 
boundary. 


Seals / Security Motion 
Sensors & Cameras 


Flush Salt Features Storage in Open 
Storage Canyon in 
Racks [7 Flush Salt 
Containers/Flush Salt 
Secondary Containers 
(FSC/FSSCs) per 
Locking Rack & Pallet 
System]; if not stored 
in the NRIC-LOTUS 
test bed and then sent 
elsewhere 


Storage in Open Storage 
Canyon in Racks 
(7 FSC/FSSCs per Locking 
Rack & Pallet System); if 
not stored in the NRIC-
LOTUS test bed and then 
sent elsewhere 


Requires Storage in the 
NRIC-LOTUS test bed (7 
FSC/FSSCs per Locking 
Rack & Pallet System) 
and then transfer 
elsewhere 


Personnel work areas, 
e.g., control room, 
changeout, restrooms 


Yes Yes No 


Features / Design 
Options Screened Out 
before Alternative 
Development 


1) Below-Grade Dry Storage Facilities, 2) Sand and Gravel-Sloped Fill Security 
Design, 3) Designs which Require Exterior Modifications to the IFSSF for each 
Demonstration Reactor Experiment  


5.2 Supporting Analyses and Calculations 
5.2.1 Criticality Safety 


Appendix E summarizes calculations to evaluate the criticality safety of the MISC cask and the 
concrete vault storage under various conditions of water intrusion, use of neutron-absorbing 
materials, spacing between the ISCs, and fissile composition. While a fuel diameter limit of 
7.25 in. has been established for the ISC design, the calculations assume the current draft ISC 
design based on 8-in. schedule XSS Inconel pipe, with a fuel salt diameter of 6.87 in. Fresh fuel 
composition is assumed; that is, no burnup credit is taken. In cases that include water intrusion 
into the ISC, the fuel and water are modeled as a homogeneous mixture. 
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The primary conclusions are as follows: 


1. Without fixed neutron absorbers, the MISC cask requires moderator exclusion to ensure 
subcriticality. Moderator exclusion is verified by a seal monitoring system on the MISC 
casks. 


2. With moderator exclusion, the spacing between ISCs in the MISC cask could be reduced 
from the current 18-in. design. 


3. With moderator exclusion, changing from 235U to 239Pu salt would increase keff, but the 
MISC cask would remain criticality safe; that is, keff + 2ơ << 0.95.  


4. With 36-in. center-to-center pitch between storage pits, the concrete vault design 
remains criticality safe with worst-case water intrusion, with 235U or 239Pu salt, and 
without fixed neutron absorbers or borated concrete.  


5.2.2 Shielding 


A dose limit of 100 mrem/y per worker was proposed in the preliminary shielding study 
(Ref. 14). Without time and distance studies for the closure operations, it is difficult to correlate 
this limit to near-field dose rates on the casks. For this report, the transfer and storage casks 
have been evaluated to determine the shielding thicknesses required to maintain contact dose 
rates below 200 mrem/h. This limit corresponds to the contact dose rate limit for transport 
packaging under 10 CFR 71.47 (Ref. 16), and thus it is the limiting dose rate that workers can be 
exposed to while closing packaging certified for over-the-road transport. Workers will only 
briefly be in contact with the cask. Most work will be at arm’s length. The dose rate to workers 
closing the casks can be further reduced by using temporary shielding (lead blankets, lead 
snakes, etc.). 


Two shielding models for the closure operations are evaluated: the IC/OC/LTC nested assembly 
without the LTC lid and the ISC/IC/MISC storage cask nested assembly with the MISC cask lid. 
Both models represent the condition in which the storage unit cover is being closed and leak 
tested “hands-on.” The former also models the condition for securing and cleaning the cover of 
the inner container prior to lifting the transfer pig for top-loading an MISC storage cask. 
Although the layers differ, the total axial and radial shielding thicknesses are the same for the 
nested IC/OC/LTC, for the nested IC/OC/HFEF-5 transfer pig, and for the nested ISC/IC/MISC 
transfer pig. While the dimensions and wall thicknesses of the various components will likely 
change in the final design for all these components, the results remain valid if the total 
thickness of steel shielding layers remains constant for the radial and top axial directions. 


A second set of models considers two storage configurations—the ISC/OC in a precast concrete 
pit module and an array of MISC casks. In Section  2.3.1.3, REQ ID# 40009 states that the IFSSF 
shall include shielding to limit the dose rate from stored casks to [0.05] mrem/hour at 30 cm 
from the shielding. It is not clear if this location is immediately adjacent to the ISC storage units, 
in a normally occupied area, or on the outer surface of the storage building. If this is to be 
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achieved immediately adjacent to the ISC storage units, it can be more readily accomplished 
with the modular concrete vault indoor storage or with the outdoor MISC overpack storage 
than with the MISC cask indoor storage. 


The source at 90 days of cooling is taken from the fuel salt gamma source in Appendix A of 
Ref. 14, scaled by the factor 0.00631, representing 48 kg/76 kg to correct for the currently 
planned fuel mass per irradiated salt container and to ratio the expected operating cycle 
(10 kW x 1000 hr) to the maximum cycle (500 kW x 2000 hr). The neutron contribution is 
expected to be minimal for these operating cycles and is not considered. Other assumptions 
and modeling details are provided in Appendix F, Shielding Analyses. 


5.2.3 Security Requirements 


DOE Order 473.1A, Physical Protection Program (Ref. 15), outlines many programmatic 
requirements for essential elements of a viable and effective physical protection system such as 
the upfront need to do appropriate security planning; the establishment of secure areas and 
their delineations; the placement of barriers; screening procedures; access controls; and other 
such elements. Regarding specified characteristics of physical protection elements, the 
requirements are very fundamental (e.g., “Ceilings and floors must be constructed of building 
materials that offer penetration resistance to, and evidence of, unauthorized entry into the 
area.” Page 2-VI-4). A value for “penetration resistance” is not given as this value would be 
based on delay requirements that come from the Design Basis Threat (DBT) and specific 
characteristics that have been measured and established in classified documents by Sandia 
National Laboratories (SNL). The DOE Order is exhaustive in its specification of required 
program elements but light on specifics about the physical characteristics of physical protection 
elements. This is by design and allows vulnerability analysts to design to the site-specific DBT 
and meet performance standards typically outlined in the Site Safeguards and Security Plan 
(SSSP). The INL site meets many of the programmatic requirements outlined in Ref. 15 with 
existing site security infrastructure, and this compliance is assumed to extend to the areas 
proposed for the NRIC-LOTUS test bed facility. Elements of the preconceptual alternatives that 
pertain to physical characteristics of proposed facility construction or enhancement must have 
their characteristics (such as penetration resistance) estimated due to the classified nature of 
the calculations held by INL security analysts. Guidance as to the underestimation or 
overestimation of key parameters will be sought as concepts are matured. 


All preconceptual designs included in this document should be in accordance with Ref. 15. 
Specific requirements relevant to the material access area (MAA) designation are specified in 
Attachment 6 of Ref. 15. General requirements (e.g., the requirement for access control 
systems, doors, fencing, assessment systems) will be accommodated by one or both of the 
following means. First, the NRIC-LOTUS test bed facility, because its final configuration is to be 
located in an existing limited area (LA) or MAA at INL, it is assumed that infrastructure to 
support assessment and response already in exists at INL. Second, design requirements that 
generally specify that walls, doors, and ceilings have certain characteristics have been 
accommodated in the various proposals presented in this document. INL personnel with special 
knowledge of the DBT and response force capabilities will comment on the proposals included 
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in this document to guide the proposal’s development and ultimate design as to such 
characteristics as the thicknesses of walls and ceilings, protective earthen berms, or other 
aspects that provide adversary task time delay. INL personnel will comment on other aspects of 
these concept proposals to ensure that they are consistent with the SSSP.  


While the infrastructure for collecting and reporting alarms is assumed to be accommodated at 
some level by existing INL capabilities, specific physical protection components required by the 
concepts will be included if the designs exceed the capacity of the existing elements. For 
example, if the assessment is accommodated by cameras and the proposed NRIC-LOTUS test 
bed facilities exceed the range of the existing cameras, additional work will be needed to 
specify where additional cameras should be placed. Similarly, detection must be included to 
initiate the adversary task time. If the new designs exceed the capabilities of existing detection 
systems, additional ones will be proposed. Specific requirements and preferences by INL that 
help with maintenance and electrical compatibility with the existing infrastructure will be 
communicated by INL.  


It is assumed that these site-specific requirements have been developed by the INL vulnerability 
assessment (VA) experts that have established a DBT and know about response force 
capabilities as they exist at INL. These elements will result in timelines that, when compared, 
will describe a successful intervention. From this analysis, INL can further specify delay aspects 
as they apply to the proposed design. Examples would be thickness of walls and doors and 
placement of perimeter fencing and any detection elements included in those systems. It is 
assumed that the DBT includes sabotage scenarios. For mitigation, minimal structural 
characteristics, such as vehicle barrier stand-offs, earthen berms, and thicknesses of the walls, 
will be required and are discussed earlier in this chapter. Figure 5-2, Available Area for the 
IFSSF, shows the working area of the NRIC-LOTUS test bed facility, which accommodates these 
protective structural characteristics. If the proposed area is insufficient to meet the 
requirements (e.g., the walls are not thick enough), the structure may be incompatible with the 
space allotted and it will be necessary to consider moving existing perimeter systems, such as 
the existing PIDAS to accommodate movement and other operational requirements. 


5.2.4 Thermal Evaluation 


Table 5-2 and Figure 5-11 are provided to support the evaluation of the initial reactor 
experiment. This is for the entire irradiated fuel salt mass of about 1300 kg, assuming a 
bounding operation of 500 kW for 2000 hr.  


The decay heat at 90 days for 2000 hr @ 500 kW operation is 156 W / 1300 kg as provided by 
INL. For 48 kg of irradiated salt, this becomes 5.76 W/ISC. 


Further reducing this to account for 1000 hr operation at 10 kW results in  


(5.76) (10 kW*1000 hr)/500 kW*2000 hr) = 0.06 W/ISC. 
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While decay heat is not a linear function of kWhr of operation, this rough estimate is sufficient 
to show that the decay heat will be well under 1 W/ISC, and therefore the heat removal during 
storage will be trivial and will likely not require significant added features for the OC, MISC, or 
the IFSSF. 


Appendix H, Thermal Scoping Analysis, contains a parametric thermal analysis to estimate 
irradiated salt heat-generation rates that would yield specific temperatures at the inner wall of 
the ISC and the inside surface of the Indoor Vault Concrete Storage Pit. 


Table 5-2. Decay Heat in Watts after Shutdown 


 
 


 


Figure 5-11. Decay Heat in Watts as a Function of Time since Shutdown 


5.2.5 Other Supporting Analyses 


5.2.5.1 Weight Estimates for Material Handling 
Weight estimates were prepared to support the preconceptual design and trade study. The 
estimates are included in Appendix K and summarized below. 
 


Pre-cast Vertical Vault Storage Units 2.75 tons 
Lightweight Transfer Cask (LTC) 3.3 tons 
Multiple ISC (MISC) Transfer & Storage Cask 18.7 tons 
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Precast Overpacks for Outside Storage of MISC Transfer & Storage 
Cask 


146 tons 


5.2.5.2 HVAC 
Appendix I, HVAC Analysis, provides a scoping evaluation of the exterior and interior heating 
and cooling loads for the Indoor IFSSF. 


5.2.5.3 Electrical 


Appendix J, Electrical Analysis, provides additional details on the preconceptual electrical 
systems for the Indoor IFSSF. 


5.3 Trade Study 
5.3.1 Comparison of Three Preconceptual Alternatives for the IFSSF 


The three preconceptual alternatives for the IFSSF were evaluated in terms of cost, timing, 
performance, and risk. The three alternatives were introduced in Section 5.1, Preconceptual 
Alternatives , and some additional figures and drawings are provided in Appendix A, Additional 
Supporting Drawings and Models.  


The three preconceptual alternatives are 


• IFSSF Indoor Open Vault, 


• IFSSF Indoor Multi-Canister Cask Storage, and 


• IFSSF Outdoor Overpack with Multi-Canister Cask. 


5.3.2 Trade Study Process 
The trade study to compare and score the three preconceptual alternatives used a weighted 
scoring of key criteria to identify a preferred alternative. The process steps used were as 
follows: 


• Describe the alternatives. 


• Identify criteria from discriminators and preferences, e.g., cost. 


• Work with the decision maker to prepare a scale for each criterion. 


• Work with decision maker to develop weightings for each criterion. 


• Evaluate the alternatives and develop a weighted score and a preferred alternative. 


5.3.3 Description of Alternatives 


The alternatives are described in Section 5.1, Preconceptual Alternatives . 
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5.3.4 Key Differentiators and Criteria 


The three alternatives include indoor and outdoor alternatives, multiple modes of transfer 
including a dual-use transfer and storage cask, and variation in the individual storage 
configurations.  


BGS initially recommended nine criteria for the trade study: Cost, Initial Operational Capability, 
Storage Capacity, Time to Transfer Salt, Time to Retrieve and Sample, Adaptability, Risk, Ease 
and Reliability of Monitoring, and Security Effectiveness. After collaboration with INL staff, the 
criteria were revised. Cost was divided into three criteria: Affordability (Capital Cost), 
Affordability (Operational Cost), and Cost of Expansion (cost of storing an additional load of 
fuel). Initial Operational Capability was changed to Facility Schedule. Time to Retrieve and 
Sample was revised to Ease of Retrieval and Inspection. Adaptability was revised to 
Compatibility with Different Fuels. Time to Transfer Salt and Ease and Reliability of Monitoring 
were deleted. Two criteria were added: Compatibility with Existing INL Supporting Equipment 
(casks, transporters, etc.) and Simplicity of Design and Construction. Security was changed to a 
go / no go criterion. Risk is evaluated separately. 


5.3.5 Scoring Criteria and Scoring Scales 


The proposed criteria and scoring scales are described below and shown in Table 5-3, Scoring 
Scales. 


Affordability (Capital Cost) is based on the capital cost for the IFSSF for the initial reactor 
demonstration. This is the cost of building/purchasing/fabricating any new facilities, structures, 
and equipment. Capital costs exceeding $20 million imply a capital line-item project which adds 
complexity and schedule to the project. As described in Appendix F, inefficiencies are included 
for NQA-1 Quality (25%), INL Site inefficiency (15%), and ZPPR PIDAS inefficiencies (30%), as 
well as Contingency Factors and Management Reserve (combined 40%) based upon Knowledge 
of Project. In addition, escalation rates for outyears from the year of development of the Cost 
Estimate to Year of Implementation are included. Escalation will be very difficult to Establish 
the Escalation Rate for the next several years based upon recent Economic Instability. 


Affordability (Operational Cost) is the cost of deploying, operating, and implementing the 
proposed solution. Includes all costs that are operational. 


Cost of Expansion (Cost of storing an additional load of fuel) is the capital and operating costs 
incurred to manage irradiated fuel from each additional reactor demonstration. 


Facility Schedule is the date by which the facility/capability will be ready for use. An 
operational capability is needed in less than 36 months to achieve the National Reactor 
Innovation Center (NRIC) 2025 goals as described in the Ref. 1. After discussion with INL staff, 
the scale was revised and modified to extend beyond 36 months.  
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Storage Capacity is the number of fuel loads that can be stored, assuming one fuel load is the 
same as the fuel volume required by the first demonstrator. 


Ease of Retrieval/Inspection is the ease with which to retrieve and inspect an individual ISC.  


Compatibility with Different Fuels evaluates the ability of proposed solution to accommodate a 
significantly different fuel type relative to the fuel salt ISC.  


Simplicity of Design and Construction is the maturity of the concept (Technical Readiness) and 
previous deployment at INL. 


Compatibility with Existing INL Supporting Equipment (Casks, Transporters, etc.) is the ability 
to be implemented with existing INL supporting equipment. No need for commercial off-the-
shelf equipment. No need for custom equipment. 


Table 5-3. Scoring Scales 


Score Affordability 
(Capital Cost) 


Affordability 
(Operational Cost 


Cost of 
Expansion 


Facility Schedule Storage 
Capacity 


5 Less than 
$ 5 million 


Less than $1 million Less than 
$500 K 


Ready by 2025 20 demos 


4 $5–$20 million $1–$3 million $500 K–
41 million 


 16 demos 


3 $20–$50 
million 


$3–$5 million $1–$3 million Ready by 2027 12 demos 


2 $50–$100 
million 


$5–$10 million $3–$5 million  8 demos 


1 More than 
$100 million 


More than 
$10 million 


More than 
$10 million 


Not ready in time 4 demos 


 


Table 5.3. Scoring Scales - Continued 


Score Ease of Retrieval 
and Inspection 


Compatibility 
with Different 


Fuels 


Simplicity of 
Design and 


Construction 


Compatibility with 
Existing INL Supporting 


Equipment 
5 High – fuel items can 


be readily retrieved. 
Fuel items can be 
inspected in place. 
Requires minimal 
resources. 


High – no redesign 
needed 


Mature concept 
previously deployed at 
INL 


Can be implemented with 
existing INL supporting 
equipment. No need for new 
commercial off-the-shelf 
equipment. No need for 
custom equipment. Typical INL 
operations. 
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Score Ease of Retrieval 
and Inspection 


Compatibility 
with Different 


Fuels 


Simplicity of 
Design and 


Construction 


Compatibility with 
Existing INL Supporting 


Equipment 
4 Med-High – Fuel items 


can readily be retrieved 
and inspected in 
facility. Requires 
minimal resources. 


Med-High – 
Minimal design and 
modification 


Mature concept, 
similar solution 
deployed at INL 


Med-High – Majority of 
equipment needs met by 
existing INL equipment. 
Minimal need for new 
commercial equipment. No 
need for custom equipment. 
Mostly typical INL operations. 


3 Low-Med – Some 
difficulty retrieving fuel 
items. Fuel items can 
be inspected in facility. 
Requires moderate 
resources. 


Med – Some design 
and modifications 


Mature concept, not 
deployed at INL but 
deployed elsewhere 


Med – Some existing INL 
equipment. Moderate need for 
new commercial off-the-shelf 
equipment. Some custom 
equipment needed. Some 
operations typical for INL. 


2 Low-Med – Some 
difficulty retrieving fuel 
items. Fuel items must 
be transferred for 
inspections. Requires 
moderate-high 
resources. 


Med – Low. 
Moderate design 
and modifications 


First of a kind Low-Med. Limited INL existing 
equipment. Moderate need for 
new commercial off-the-shelf 
equipment. Moderate need for 
custom equipment. Operations 
not typical for INL. 


1 Low – Significant 
difficulty retrieving fuel 
items. Fuel items must 
be transferred for 
inspection. Requires 
significant resources. 


Low – Significant 
design and 
modifications 


Preconceptual 
maturity 


Low – No existing INL 
equipment. Significant use of 
new commercial off-the-shelf 
equipment. Significant custom 
equipment. Operations very 
different from INL experience. 


 


Table 5-4. Proposed Weights for Each Criterion Category Developed in Conjunction with INL 
Staff 


Criterion Weighting 
Affordability (Capital Cost) 2 X 
Affordability (Operational Cost) 1X 
Cost of Expansion 1X 
Facility Schedule 1X 
Storage Capacity 1.5X 
Ease of Retrieval/Inspection 1X 
Compatibility with Different Fuels 1.5X 
Simplicity of Design and 
Construction 


1X 


Compatibility with Existing INL 
Supporting Equipment 


1X 
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5.3.6 Weighted Scores 
The raw and weighted scores are summarized in Table . Explanations for the scoring follow the 
table. Low raw scores (1 or 2) are shown in Red. High raw scores for each criterion are shown in 
Green. 


Table 5-5. Weighted Scoring for IFSSF Preconceptual Alternatives 


Scoring Scale Criteria 
Weighting 


Indoor Open Vault 
Indoor Multi-


Container (MISC) 
Cask Storage 


Outdoor Overpack 
w/MISC Cask 


Storage 
Raw 


Score 
Weighted 


Score 
Raw 


Score 
Weighted 


Score 
Raw 


Score 
Weighted 


Score 
                


Affordability (Capital Cost) 2.0 2 4 2 4 3 6 


Affordability (Operational 
Cost) 1.0 2 2 2 2 3 3 


Cost of Expansion (Cost of 
Storing an Additional Load 


of Irradiated Fuel) 
1.0 4 4 3 3 2 2 


Facility Schedule 1.0 3 3 3 3 3 3 


Storage Capacity 1.5 4 6 5 7.5 2 3 


Ease of Retrieval / 
Inspection 1.0 4 4 4 4 1 1 


Compatibility with 
Different Irradiated Fuels 1.5 3 4.5 2 3 2 3 


Simplicity of Design and 
Construction 1.0 4 4 3 3 2 2 


Compatibility with Existing 
INL Supporting Equipment 
(Casks, Transporters, etc.) 


1.0 4 4 3 3 1 1 


                


    30 35.5 27 32.5 19 24 


5.3.6.1 Affordability (Capital Cost) 


The ratings for cost are based on the preliminary estimates in Appendix G, Cost Analyses. The 
cost of the Outdoor Overpack with Multi-Canister Cask is much lower for the initial construction 
and storage units for the first demonstration, i.e., $22 million versus $87.2 million for the 
Indoor Open Vault and $89.8 million for the Multi-Canister Storage. However, the Outdoor 
Overpack reduced cost is a result of reduced capability since the Outdoor Overpack has more 
limited storage and must use other INL facilities for inspection, sampling, or maintenance.  


The Indoor Open Vault with a cost of $87.24 million scored 2.  


The Indoor Multi-Canister Cask Storage with a cost of $89.8 million scored 2. 
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The Outdoor Overpack with Multi-Canister Cask with a cost of $22 million scored 3.  


5.3.6.2 Affordability (Operational Cost) 


The ratings are also based on the preliminary estimates in Appendix F. This includes the cost of 
unloading the containers from one reactor demonstration each year and placing them in a 
secure location, two sampling operations per year, and the cost for the normal operations staff. 
The normal operation staff is assumed to be six persons for a 24/7 operation.  


The Indoor Open Vault costs $9.0 million and scored 2.  


The Indoor Multi-Canister Cask Storage costs $8.6 million and scored 2.  


The Outdoor Overpack with Multi-Canister Cask costs $4.1 million and scored 3. 


5.3.6.3 Cost of Expansion 


The cost of expansion includes the cost of the additional storage units, i.e., the 3 x 3 x 6 ft 
precast vault units, MISC storage casks, and the Outdoor Overpacks.  


The cost of the pre-cast units for the Indoor Open Vault is $785K and scored 4.  


The cost of new casks for the Indoor Multi-Canister Cask Storage is $2.15 million and scored 3.  


The Outdoor Overpack with Multi-Canister Cask cost for new casks and overpacks is 
$3.24 million and scored 2. 


5.3.6.4 Facility Schedule 


At this preconceptual design stage, all three alternatives were judged to be similar and available 
by 2027 and scored 3.  


Achieving operational capability by fall 2025 may be achievable by proceeding with activities in 
parallel and if the project only experiences minor delays. Time to operational capability is 
similar between the indoor vault and the indoor cask storage. The outdoor overpack might be 
faster since limited capability is offered (e.g., only Overpacks and Multi-Containers without 
facilities for support for sampling and maintenance). 


5.3.6.5 Storage Capacity 


The storage capacity is limited by the available footprint inside the PIDAS for the IFSSF. This 
area is 80 x 160 ft, with some room for supporting pads.  


Assuming each reactor demonstration requires space equal to the amount needed for the 27 
ISCs projected for the first demonstration, this equates to a capacity for 18 reactor 
demonstrations. The Indoor Open Vault scored 4.  
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The Indoor Multi-Canister Cask Storage capacity depends on the spacing. The Multi-Canister 
Cask Storage can hold over 80 of the MISC units based on preliminary storage configurations. 
This equates to over 20 reactor demonstrations. The Indoor Multi-Canister Cask Storage is 
scored 5.  


The Outdoor Overpacks require additional space even when closely packed. The initial 
estimated capacity is for 44 Overpacks even if no space is allocated for a maintenance and hot 
cell area. This equates to a maximum of 11 reactor demonstrations even if other INL facilities 
were used for the maintenance and hot cell functions. The Outdoor Overpacks scored 2. 


5.3.6.6 Ease of Retrieval/Inspection 


Both the Indoor Open Vault and the Indoor Multi-Canister Cask Storage which uses the MISC-7 
Transfer & Storage Cask option provide access inside a building and transfer to a hot cell within 
the same building.  


The Indoor Open Vault and the Indoor Multi-Canister Cask Storage both scored 4 because the 
fuel items can be retrieved in about 3 hr by the IFSSF operators and inspected in the facility.  


The Outdoor Overpack option requires complex lifting and transfer of heavy overpack 
components followed by transfer to another INL facility (e g., HFEF). The Outdoor Overpack 
with Multi-Canister Cask scored 1 because of the difficulty in retrieving fuel items and because 
the fuel must be transferred to another facility for inspection. 


5.3.6.7 Compatibility with Different Fuels 


The compatibility of the storage is heavily dependent on the container size (primarily length) 
and required shielding, which is a function of burnup and the cooling time before transfer. 
Criticality concerns for different fuels may require changes such as smaller diameter ISC, lower 
salt mass in the ISC, greater spacing between ISCs in storage, or use of neutron-absorbing 
materials. Reductions in these parameters can be accommodated by all three concepts by using 
spacers or baskets but would negatively impact other criteria, e.g., increased costs and reduced 
storage capacity. Increases in these parameters are further constrained by the height of walls 
and lifting clearance, the weight limits for the material-handling equipment, and dose limits for 
the outside of the precast vault modules and the MISC. 


The Indoor Open Vault can accommodate changes by redesigning the precast concrete pit 
modules. For other molten salts constrained to the same canister sizes and burnup used in the 
first demonstration, the compatibility rates Med-High because minimal design and modification 
would be required. For fuels with significantly higher burnup or that require longer ISCs, the 
rating drops to Med-Low because moderate design and modification would be required. An 
overall score of 3 (Med) is assigned. 


The Indoor Multi-Canister Cask Storage can accommodate changes by redesigning the cask, but 
the design is more sensitive to changes and is constrained by the weight of the cask. For other 
molten salts constrained to the same canister sizes and burnup used in the first demonstration, 
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the compatibility rates Med-High because minimal design and modification would be required. 
For fuels with significantly higher burnup or that require longer ISCs, the rating drops to Low 
because significant design and modification would be required. An overall score of 2 (Med-Low) 
is assigned. 


The Outdoor Overpack with Multi-Canister Cask can accommodate changes by redesigning both 
the Multi-Canister Cask and the Overpack. For other molten salts constrained to the same 
canister sizes and burnup used in the first demonstration, the compatibility rates Med-High 
because minimal design and modification would be required. For fuels with significantly higher 
burnup or that require longer ISCs, the rating drops to Low because significant design and 
modification would be required. An overall score of 2 (Med-Low) is assigned.  


5.3.6.8 Simplicity of Design and Construction 


The Indoor Open Vault is a mature system similar to other storage solutions deployed at INL. A 
significant difference is the use of modular storage vaults in an above-ground canyon. The 
HFEF-5 is at a Technology Readiness Level (TRL) of 9, System Operations, the vault pre-cast pits 
and the containers are at a TRL 7 level, System Commissioning. The Indoor Vault scored 4. 


The Indoor Multi-Canister Cask Storage is very similar to the Indoor Open Vault except that 
dual-use transfer/storage casks are used. These casks are not used at INL but are similar to cask 
designs used elsewhere. The MISC is at a TRL 6 or 7 level, Technology Demonstration or System 
Commissioning. The Indoor Multi-Canister Cask Storage scored 3. 


The Outdoor Overpack with Multi-Canister Cask is not used at INL. The overpacks are at a TRL 6 
level, Technology Demonstration. It has features similar to casks used elsewhere but is 
evaluated as a first of a kind and scored 2. 


5.3.6.9 Compatibility with Existing INL Supporting Equipment 


The Indoor Open Vault can be implemented with existing INL transporters and casks (HFEF-5) 
but also supports the use of alternative transporters and casks. Due to the height of the HFEF-5, 
it would probably be necessary to first transfer the OC into a smaller transfer pig. Vault storage 
with individual container storage locations is a typical mode of operation at INL. The Indoor 
Open Vault scored 4 because it can be implemented with existing INL material-handling 
equipment or similar commercially available equipment and uses a mode of operation common 
to INL that has been modified to provide modular expansions for each demonstration. 


The Indoor Multi-Canister Cask Storage alternative requires the design of a new 
transfer/storage cask and fabrication of multiple units for each reactor demonstration. The new 
casks are matched with a commercially available transporter. INL typically does not use casks 
for storage. The Indoor Multi-Canister Cask Storage is scored 3 because it uses commercially 
available material-handling equipment and a new cask typical of commercial designs. Material-
handling operations are typical for INL, but the mode of storage is not typically used at INL. 
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The Outdoor Overpack with Multi-Canister Cask requires the design and fabrication of the 
Overpacks as well as the transfer/storage casks. The new casks are matched with a 
commercially available transporter. Placing the Overpacks requires critical lifts using a mobile 
crane. INL typically does not use casks for storage. The Outdoor Overpack with Multi-Canister 
Cask scored 1 because it combines the use of commercially available material-handling 
equipment and the use of critical lifts, it requires new casks and overpacks, and the mode 
(Outdoor storage for materials requiring increased security) is very different from INL 
experience. 


5.3.6.10 Scoring Summary 


The IFSSF Indoor Open Vault scored the highest. The IFSSF Indoor Multi-Canister Cask Storage 
was second. Both are significantly higher scores than the Outdoor Overpack with Multi-Canister 
Cask. There were low scores (1 or 2) for Affordability for both the Indoor Open Vault and for the 
Indoor Multi-Canister Cask Storage. The Outdoor Overpack with Multi-Canister Cask scored a 3, 
but only because of reduced capability since the Outdoor Overpack has more limited storage 
and must use other INL facilities for inspection, sampling, or maintenance. The Indoor Multi-
Canister Cask Storage received a 2 for Compatibility with Different Fuels. For other molten salts 
constrained to the same canister sizes and burnup used in the first demonstration, the 
compatibility rated Med-High because minimal design and modification would be required. 
However, for fuels with significantly higher burnup or that require longer ISCs, the rating 
dropped to Low because significant design and modification would be required. Therefore, an 
overall score of 2 (Med-Low) was assigned. The Outdoor Overpack with Multi-Canister Cask 
scored 1 or 2 for six of the nine criteria: Cost of Expansion, Storage Capacity, Ease of 
Retrieval/Inspection, Compatibility with Different Fuels, Simplicity of Design and Construction, 
and Compatibility with Existing INL Supporting Equipment. The Indoor Open Vault had the high 
score for six of the nine criteria and was a close second for Storage Capacity. The Indoor Open 
Vault had the highest total raw score and the highest total weighted score. 


5.3.6.11 Risk 


The dominant risks identified during the preconceptual design and trade study are cost 
escalation, long lead procurement, the potential for delays in supporting analyses, construction 
delays, and potential changes to requirements since the future users and reactor designs to be 
supported are not yet defined. Some potential requirement risks are discussed below. 


Increase in fuel burnup requirements. Should the fuel mass or irradiation energy increase 
significantly, it would require additional shielding and consequently increased weight and 
increased costs for design and fabrication. A significant increase in the radiation source could 
result in reducing the storage capacity and increasing the complexity of container and storage 
unit operations for both the Indoor Open Vault and the Indoor Multi-Canister Cask storage.  


Longer fuel container requirements. While the precast pits, the containers, and the overpacks 
can be redesigned, the height of the walls in the IFSSF canyon and the lifting height limitations 
constrain the amount of change. 
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Inspection, sampling, and monitoring requirements. The preconceptual design and the trade 
study only include very infrequent container openings for inspection and sampling. The need 
and frequency for these activities may increase as the corrosion properties, container 
pressurization, and salt mixture stability are better defined. 


Seal monitoring requirements are driven by the criticality safety analysis. The silver-plated seals 
proposed for either the MISC or the OC are sufficiently reliable for long duration storage 
(CASTOR and TN-24 spent fuel storage casks have been in service since the 1980s). 
Nonetheless, seal monitoring is recommended unless criticality safety can be demonstrated 
with full flooding of water into the storage system, including the ISC. 


In commercial dry storage (Ref. 16), mechanically sealed casks must be monitored. Welded 
systems do not require monitoring. The MISC due to its thicker shell has room for two 
concentric seals, and the space between can be pressurized and monitored for leakage without 
penetrating the confinement boundary. This system could be implemented in either the indoor 
MISC storage or in the MISC overpack design, although the access for monitoring system 
maintenance would be much simpler in the indoor cask storage. 


Due to its thinner shell, the OC only has room for a single lid seal. Thus, it could only be 
monitored by a pressure gage that penetrates the confinement boundary. For long-term 
reliability, such a gauge should have all metal seals and all metal wetted surfaces and be safety 
significant. The team has not identified such a gauge. However, monitoring may not be 
essential for concrete vault storage of an ISC/OC vault. Criticality Safety Analyses, Table E-2, keff 


Results for Concrete ISC Storage, indicates that the vault design can tolerate water leaking into 
the ISC (“moderated solution”) while maintaining a keff below 0.8. More complete benchmarked 
and verified criticality analyses would be required to confirm criticality safety under all water 
intrusion scenarios. 


5.4 Options Recommended for Further Development 
INL is evaluating several options for storing fuel post-irradiation. The IFSSF is just one of the 
options. If it is determined a need exists for a new facility, the IFSSF should be designed as an 
increased security facility because fuels may include HEU fuels. While uranium fuels could be 
down blended, the capability to down blend is not included in this study. 


The IFSSF should be an above-grade facility to mitigate risks from water because the salts are 
hygroscopic, soluble in water, and corrosive if wet. 


The footprint for the IFSSF should be a nominal 80 x 160 ft rectangular area in the northeast 
section of the PIDAS enclosed area. 


The IFSSF should be designed for at least 10 reactor experiments each producing irradiated fuel 
salt quantities assumed to be nominally 1,300 kg. This assumes that flush salts and some 
irradiated fuel salts may be transferred away from the IFSSF during the proposed 20-year 
operating cycle, or some reactor experiments may require much more than 1 year. 
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The use of the sand and gravel sloped fill should not be carried forward to conceptual design 
because of the huge resulting reduction in storage capacity.  


NOTE: A 40’0” height IFSSF with a 1:1 slope would require 40’0” on both sides for a total of 
80’0,” effectively using all available space within the ZPPR PIDAS. Similarly, a 0.5:1 slope would 
require 20’0” on both sides, leaving only 40’0” of available space within the ZPPR PIDAS. 


Walls surrounding the secure portion of the building should initially be based on an option 
described in Ref. 3 in which the walls are composed of a three-layer system for security 
including two 2-ft outer and inner concrete walls which sandwich a 4-ft layer of aggregate for a 
total composite wall thickness of 8 ft 0 in. Variations to improve the effectiveness such as the 
use of fiber concrete and blast-resistant structures should be evaluated. 


NOTE: The use of synthetic and steel strand fibers in the concrete mix greatly increases the 
concrete’s physical properties to resist impact and crumbling.  


The newly developed super plasticized concrete such as Ultra High-Performance Fiber 
Reinforced Concrete (UHPFRC) is an ideal application for blast load. 


The full envelope of the IFSSF should be constructed as part of the initial construction of the 
IFSSF. 


Flush salt should be stored in a rack / pallet configuration (allowing transfer via low-profile 
forklift) which could be maintained in the test bed or temporarily stored in the IFSSF until 
cleared for disposal or alternate disposition. 


The IFSSF Indoor Open Vault is the preferred alternative for further development of design and 
operational concepts.  
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Appendix A. Additional Supporting Drawings and 
Models 


This appendix provides additional drawing and model information. The figures are from the 
models developed in CREO computer-aided design software. Some text is added immediately 
following some of the figures to provide additional descriptive information. 
 


 


Figure A-1. IFSSF Indoor Open Vault Showing ISC Storage Pits 


 







 


 BGS-BEA-TR-02 September 2022 70 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


 


Figure A-2. Floor Plan for IFSSF Indoor Open Vault Storage 


 


Figure A-3. IFSSF Indoor Open Vault Dimensioned Floor Plan 


Figures A-2 and A-3 show the IFSSF Indoor Open Vault with two storage bays, truck 
loading/unloading area, and separate control room, mechanical room, and don/doff room and 
restroom areas. 







 


 BGS-BEA-TR-02 September 2022 71 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


 


Figure A-4. IFSSF Indoor Open Vault Building Section 


Open vault storage is shown in Figure A-4 with two 20-ton overhead top-running bridge cranes 
over the storage vault area with 3-ft-wide x 6-ft-tall walls around storage area. Exterior security 
wall construction will consist of a multi-layer wall made up of two layers of concrete and center 
aggregate fill. Roof slab construction is supported by structural steel girder and joist beams. 
Foundation systems consist of shall continuous and/or isolated footings. 


 


Figure A-5. IFSSF Indoor Open Vault Hot Cell Location 


Figure A-5 provides a view of shielded glove box or modular hot cell location within Open Vault 
Storage Bay. 
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Figure A-6. IFSSF Indoor Open Vault Seismic Bracing Option 1 


One option for retention of storage units against seismic loading using a structural steel–braced 
frame is shown in Figure A-6. 


 


Figure A-7. IFSSF Indoor Open Vault-Seismic Bracing Option 2 


Another option for retention of storage units against seismic load using a structural steel 
interlocking plate is shown in Figure A-7. 
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Figure A-8. IFSSF Indoor Open Vault, Seismic Bracing Using Interlocking Steel Plates – Plan 
View 


The plan view of the storage unit arrangement with interlocking steel plate retention system for 
the Indoor Open Vault is shown in Figure A-8. 


 


 


Figure A-9. IFSSF Indoor Multi-Canister Cask Storage 
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Figure A-10. IFSSF Indoor Multi-Canister Cask Storage 
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Figure A-11. Floor Plan for IFSSF Indoor Multi-Canister Cask Storage 


Multi-canister storage with two storage bays, truck loading/unloading area, and separate 
control room, mechanical room, and don/doff room and restroom areas are shown in Figure 
A-11. 


 


Figure A-12. IFSSF Indoor Multi-Canister Cask Storage Building Section 
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Multi-canister storage is shown in Figure A-12 with two 20-ton overhead top-running bridge 
cranes over the open storage area. Exterior security wall construction will consist of a multi-
layer wall made up of two layers of concrete and center aggregate fill. Roof slab construction is 
supported by structural steel girder and joist beams. Foundation systems consist of shall 
continuous and/or isolated footings. 


 


Figure A-13. IFSSF Indoor Multi-Canister Cask Storage Building Section 


 


Figure A-14. IFSSF Glove Box  
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Figure A-14. IFSSF Glove Box Enlarged View 


 


 


Figure A-15. Conceptual Option for Flush Salts Storage Rack 
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Figure A-16. Cask Transport Travel Path from NRIC-LOTUS Test Bed to IFSSF Storage Building 


 


Figure A-17. IFSSF Indoor Storage Building and Existing NRIC-LOTUS Test Bed Facility 
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Figure A-18. Toyota THDE-4000-30 Cask Transport Vehicle 


 


Figure A-19. HFEF-5 Cask Transport 
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Figure A-20. Multi-Canister Cask Transport 
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Appendix B. IFSSF Requirements 
The requirements have been imported into the Dynamic Object-Oriented Requirements System 
(DOORS) database. Requirements identified include the following: 


• Initial requirements from the NRIC Deactivation and Decommissioning Capability 
Preconceptual Design Summary Report, INL/LTD-21-64370 


• Requirements from the initial brainstorming described in Chapter 2 


• Requirements identified as part of the asset decomposition and functional requirement 
tracing described in Chapter 4 


• NRIC-LOTUS test bed requirements identified as applicable to the IFSSF from the industry 
codes and standards, the regulations, and the plant requirements. 


The current INL DOORS database for the BGS Design Team is separate from the NRIC-LOTUS 
test bed DOORS database. The INL DOORS database for the BGS Design Team focuses on the 
Scope of Work 1, Irradiated Fuel Salt Removal and Other RAD Waste Removal (19156), and 
Scope of Work 2, Irradiated Fuel Salt Storage Facility (IFSSF) Pre-Conceptual Design (19157).  


The BGS Design Team developed the Requirements Artifacts based on a Microsoft Excel 
Spreadsheet / Workbook, and the INL DOORS Subject Matter Expert (SME) imported this 
information into the DOORS database. The DOORS database would be used to generate the 
Standard Functional and Operational Requirements (F&OR) Document and the Systems Design 
Description (SDD) Document once the IFSSF Engineering and Design was further developed. 


A screen shot of this DOORS database is shown in Figure B-1, General All Projects – BGS 
Requirements Management, and Figure B-2, Detailed Listing of the Artifacts. 


 


Figure B-1. General All Projects – BGS Requirements Management 
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Figure B-2. Detailed Listing of the Artifacts 


Regulations – The breakdown of the 55 artifacts Listed in this database is shown in Figure B-3. 


 


Figure B-3. Breakdown of Regulations in DOORS 


Industry Codes and Standards – 117 artifacts Listed in this database 


• There are 24 different industry codes and standards with 117 subparts / artifacts identified 


• INL-STD-139 - General Design Requirements INL Engineering Standards (Calendar Year 
2021), Idaho National Laboratory, 2021, has 31 subparts / artifacts 


• INL-STD-142 - Architectural Design INL Nuclear Engineering Standards, Idaho National 
Laboratory, 2020… has 14 Subparts / Artifacts 


• NRIC-LOTUS test bed Plant Requirements – 71 artifacts Listed in this database / IFSSF plant 
requirements – 55 artifacts Listed in this database for a total of 126 artifacts for plant 
requirements 


• Systems Requirements – 39 artifacts listed in this database 


• Waste Requirements – 53 artifacts in this database 


CFR 12
DOE 33


IDAPA 5


NRC 5


55
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Appendix C. IFSSF Operational Scenarios 
The following operational scenarios are described in the subsections of this appendix. 


Normal Operations, Indoor Multi-Canister Cask Storage 


• Initial delivery and installation 


• Seal monitoring 


• ISC retrieval for examination or for fuel retrieval at the IFSSF 


• Multi-cask transfer to another facility on the INL site 


• Transfer off-site 


Off-Normal Conditions, Indoor Multi-Canister Cask Storage 


• Actions following off-normal handling or environmental conditions (cask drop, impact, 
earthquake, flood, etc.) 


• Seal replacement 


• ISC retrieval for examination at a separate INL facility such as HFEF 


Normal Operations, Indoor Open Vault 


• Initial delivery and installation with the Light Transfer Cask (LTC) 


• Initial delivery and installation with the HFEF-5 Cask 


• Outer container seal monitoring 


• ISC retrieval for examination or for fuel salt retrieval at the IFSSF 


• ISC transfer to another facility on the INL site 


• Transport Off-Site 


Off-Normal Conditions, Indoor Open Vault 


• Actions following off-normal handling or environmental conditions (cask drop, impact, 
earthquake, flood, etc.) 


• Seal replacement 


• ISC retrieval for examination at a separate INL facility such as HFEF 
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1. NORMAL OPERATIONS, INDOOR MULTI-CANISTER CASK STORAGE 


Table C-1. Initial Delivery and Installation 


 Primary Actions Decomposed Actions Comments 
Initial Delivery and 
Installation 


MISC Storage Cask 
containing seven ISCs is 
delivered to IFSSF 


Forklift deposits cask in 
the loading bay at the 
end of the target storage 
bay. 


Cask is delivered via 
forklift or other vehicle 
with required capacity. 


 Bridge Crane transfers 
MISC cask from truck bay 
(or vehicle) to position in 
the storage bay 


If necessary, the delivery 
vehicle or forklift can be 
transferred out of the 
IFSSF. 


Cask will be loaded at far 
end of the bay first. 


Remove rigging and hoist 
rings from the MISC cask. 


 Install overpressure 
system tank, tubing, and 
pressure switches to the 
MISC Cask 


Pressurize the 
overpressure system with 
helium or helium/argon 
mixture. 


 


Leak test the 
overpressure system 
using a helium mass 
spectrometer in sniffer 
mode. 


 Connect pressure 
switches to the 
monitoring and alarm 
system 


 Cask is now in the 
surveillance mode for 
long-term storage. 


Table C-2. Seal Monitoring 


 Primary Actions Decomposed Actions Comments 
SEAL MONITORING Set pressure switches on 


the overpressure tank to 
specified set point. 


 Dual pressure switches 
on the overpressure tank 
are set to close if the 
pressure in the tank 
declines to a specified set 
point. 


 Test each monitoring 
system at least once per 
year. 


Test system by venting 
the pressure from the 
tank to verify the 
switches alarm at the 
design set point. 


 


Repressurize the system 
with inert gas and return 
to standard monitoring. 


 Respond to alarms to 
check and replace lid seal, 
as necessary. 


First, leak-test the 
overpressure tank, 
switches, and fittings. 


An alarm indicates that 
the gas has been leaking 
from the tank, either 
through system fittings, If leak is found, correct it, 


repressurize the tank, and 
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 Primary Actions Decomposed Actions Comments 
return to standard 
monitoring. 


or through the inner or 
outer lid seal. 


If no leak is found in the 
overpressure system, 
take steps to replace the 
lid seal, as described 
under off-normal 
operations. 


 


Table C-3. ISC Retrieval for Examination or for Fuel Retrieval at the IFSSF 


 Primary Actions Decomposed Actions Comments 
ISC Retrieval for 
Examination or for Fuel 
Salt Retrieval at the IFSSF 


Periodic visual examination of the ISC and sampling of the salts is expected to be a 
normal though infrequent part of the IFSSF operations. This operation requires a 
hot cell with a docking port like the one used in NRIC-LOTUS test bed for 
defueling the reactor. The hot cell would be located inside the secure boundary of 
the IFSSF. The hot cell would be outfitted with salt extraction equipment (ISC 
opener, heater, dip tube with argon pressurization, etc.). These operations require 
the transfer pig and alignment fixture that was used in loading the MISC cask. Each 
inner container (IC) cover will be outfitted with a lifting feature to which a remotely 
operable lifting device can be attached and detached.  


 Disconnect the seal 
monitoring system and 
remove it from the cask 
lid. 


  


 Transfer MISC cask to 
maintenance area or hot 
cell area using bridge 
crane. 


Install cask lifting swivel 
hoist rings to lid and 
attach the crane and 
rigging to the MISC Cask 


Cask lid and port seals 
can be replaced in 
parallel actions while 
IC/ISC operations are 
being performed. Once MISC cask has been 


transferred to 
maintenance area or hot 
cell area, then remove 
the lid bolts and lid. 
Remove cask lid; place in 
a bottom-up position in 
an area where the cask 
lid and port seals can be 
replaced. 


 Install Alignment Fixture 
on MISC Cask 


Install lifting fixture on 
the lid of the inner 
container selected for 
removal. 


 


 Transfer the Transfer Pig 
to Alignment Fixture on 
the MISC Cask 


Secure the transfer pig to 
the alignment fixture and 
open the bottom gate. 


 


 Transfer IC into Transfer 
Pig 


Attach a remotely 
operated lifting device to 
the crane hook. 


The lifting device can be a 
cable attached to the 
bridge crane hook or a 
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 Primary Actions Decomposed Actions Comments 
Lower the lifting device 
through the transfer pig 
and connect to the lifting 
feature on the IC. 


winch with cable that can 
be lowered through the 
transfer pig and 
connected to the IC lifting 
feature. Lift the IC into the 


transfer pig, then close 
the bottom gate of the 
transfer pig. 
Lower the IC onto the 
bottom gate and remove 
the lifting device from the 
IC. 


 Transfer the Transfer Pig 
to Cart with scissor lift 
near the hot cell. 


Connect lifting slings to 
the transfer pig and 
disconnect the transfer 
pig from the alignment 
fixture. 


 


Transfer the transfer pig 
from top of MISC cask to 
cart with scissor lift near 
the hot cell. 
Remove lifting slings from 
transfer pig. 


 Prepare the IC for docking 
with the hot cell. 


Loosen IC cover without 
removing. 


A contamination seal 
between the inner 
container and the pig or a 
rubber skirt around that 
top of the IC that will be 
attached to the docking 
port of the hot cell 


Install any features 
required to dock the pig 
and IC to the hot cell. 


 Transfer the pig and IC to 
docking port under hot 
cell and dock with hot cell 


Open the internal port of 
the hot cell. 


 


 Transfer ISC into hot cell 
and perform sampling 
and re-sealing operations 


Using in-cell hoist 
attached to the IC cover 
lifting fixture, remove the 
IC cover into the hot cell. 


 


Using in-cell hoist, 
transfer the ISC into the 
hot cell. 
Visually or dimensionally 
examine the ISC for signs 
of deformation or 
corrosion. 
Move ISC to the station 
for opening, heating, 
sample extraction, and 
re-sealing. 


 Transfer ISC into IC and 
install shield cover. 


Lower the ISC back to the 
IC using the in-cell hoist. 
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 Primary Actions Decomposed Actions Comments 
Install IC cover onto the 
IC and close inner door of 
the hot cell docking port. 


 Undock the IC and 
transfer pig from the hot 
cell; lower and transfer to 
intermediate area. 


Decontaminate the IC 
cover and secure it to the 
IC body for lifting. 


 


 Transfer the transfer pig 
back to alignment fixture 
on the MISC Cask 


Install lifting slings on 
transfer pig. 


 


Transfer the transfer pig 
to the alignment fixture 
with bridge crane and 
secure pig to the 
alignment fixture. 
Remove lifting slings from 
transfer pig. 


 Transfer IC back into the 
MISC Cask. 


Connect lifting device on 
the crane hook to the IC 
lifting fixture. 


 


Raise the IC slightly; then 
open the bottom gate on 
the transfer pig before 
lowering the IC into the 
MISC cask. 
Disconnect the lifting 
device from the IC and lift 
out through the transfer 
pig. 


 Transfer the transfer pig 
and alignment fixture 
back to maintenance or 
hot cell area. 


  


 Install the MISC cask lid. Remove the lifting 
feature from the IC 
Cover. 


 


Examine and, if 
necessary, clean the MISC 
cask sealing surface. 
Install the MISC cask lid. 
Install the lid bolts and 
torque to specification. 


 Seal and leak test MISC 
Cask 


Remove the MISC lid port 
plug and seal. 


Leak check performed by 
attaching helium mass 
spectrometer to lid port 
and testing the lid seal by 
introducing helium to the 
monitoring port between 
the concentric lid seal. 
The cask is evacuated and 
backfilled with helium or 
helium/argon mixture to 


Perform helium leak 
check of the MISC cask 
and port plug. 
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 Primary Actions Decomposed Actions Comments 
atmospheric pressure; 
then spectrometer is 
disconnected from lid 
port and port plug is 
installed with new seal. 
Vacuum cup is installed 
over port plug and 
evacuated to the mass 
spectrometer to leak test 
port plug. 


 Transfer MISC cask from 
Maintenance or hot cell 
area back to it storage 
position. 


Connect bridge crane and 
rigging to cask lid hoist 
rings and return cask to 
its previous storage 
position. 


 


Remove rigging 
equipment and store in 
the maintenance area. 


 Install seal monitoring 
system and return to 
service. 


Install seal monitoring 
system. 


 


Pressurize seal 
monitoring system and 
leak test. 
Connect seal monitoring 
system to alarm system. 


 


Table C-4. Multi-Cask Transfer to Another Facility on the INL Site 


 
 Primary Actions Decomposed Actions Comments 


MISC Cask transfer to 
another Facility on the 
INL Site 


Disconnect the seal 
monitoring system and 
remove it from the cask 
lid. 


Depressurize the 
overpressure tank and 
remove tank, switches, 
and tubing from top of 
cask. 


Transferring a complete 
MISC Cask without 
opening it to another 
facility on the INL site is 
treated as normal 
operation. If seal monitoring is 


required at MISC Cask 
destination, package seal 
monitoring equipment 
for transfer with the cask. 


 Transfer MISC cask from 
storage position to truck 
bay. 


Ensure flatbed truck is 
stationed in the truck bed 
for receipt of cask. 


A forklift may be used to 
transfer the cask out of 
the IFSSF and then placed 
onto a flatbed truck 
outside of the facility. 


Install cask lifting swivel 
hoist rings on the lid. 
Lift cask using slings or 
spreader beam with 
bridge crane and transfer 
to truck in truck bay. 
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 Primary Actions Decomposed Actions Comments 
 Secure cask to transport 


vehicle and transfer to 
destination 


Remove rigging from cask 
but hoist rings will remain 
attached to cask for 
handling at receipt 
facility. 


 


Table C-5. Transfer Off-Site 


 Primary Actions Decomposed Actions Comments 
MISC Cask Transport OFF 
SITE 


Disconnect the seal 
monitoring system and 
remove it from the cask 
lid. 


Store seal monitoring 
system for future use. 


The MISC cask is not 
designed as a transport 
packaging under 10 CFR 
71. Therefore, the 
contents must be 
transferred to a licensed 
transport packaging. 


 Transfer MISC cask to 
truck bay or maintenance 
area for unloading the 
MISC Cask. 


Install cask lifting swivel 
hoist rings to lid and 
attach the crane and 
rigging to the MISC Cask 


These operations assume 
all ICs/ISCs will be 
removed from the MISC 
cask. 


Once MISC cask has been 
transferred to 
maintenance area or hot 
cell area, then remove 
the lid bolts and lid. 
Remove cask lid using 
bridge crane and set 
aside. 


 Install alignment fixture 
on the MISC cask. 


Install lifting fixture on 
the lid of the inner 
container selected for 
removal. 


 


 Transfer the transfer pig 
to alignment fixture on 
the MISC cask 


Secure the transfer pig to 
the alignment fixture and 
open the bottom gate. 


 


 Transfer IC into transfer 
pig 


Attach a remotely 
operated lifting device to 
the crane hook. 


The lifting device can be a 
cable attached to the 
bridge crane hook or a 
winch with cable that can 
be lowered through the 
transfer pig and 
connected to the IC lifting 
feature. 


Lower the lifting device 
through the transfer pig 
and connect to the lifting 
feature on the IC. 
Lift the IC into the 
transfer pig; then close 
the bottom gate of the 
transfer pig. 
Lower the IC onto the 
bottom gate and remove 
the lifting device from the 
IC. 
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 Transfer the transfer pig 
from MISC Cask load the 
IC into the transport 
packaging  


Connect lifting slings to 
the transfer pig and 
disconnect the transfer 
pig from the alignment 
fixture. 


The transfer of the IC 
from the transfer pig to 
transport packaging is 
performed following 
transport packaging 
operating instructions. 
This transfer will be 
performed in the truck 
bay. If the transport 
packaging is too tall then 
the transfer of the IC 
from the transfer pig to 
the transport packaging 
will be performed 
outdoors to a purpose-
built tower for loading 
the transport packaging. 


Transfer the transfer pig 
from top of MISC Cask to 
truck bay for transfer into 
transport package. 
Remove lifting slings from 
transfer pig. 


 Repeat Process for 
transfer of remaining ICs 
from MISC Cask. 


  


 Perform post-operations 
on empty MISC cask 


Prepare MISC cask for re-
use or disposal. 


 


 


2. OFF-NORMAL CONDITIONS, INDOOR MULTI-CANISTER CASK STORAGE 


Table C-6. Actions Following Off-Normal Handling or Environmental Conditions (Cask Drop, 
Impact, Earthquake, Flood, etc.) 


 Primary Actions Decomposed Actions Comments 
Actions following off-
normal handling or 
environmental 
conditions (Cask Drop, 
Impact, Earthquake, 
Flood, etc.) 


These scenarios cover cases where some condition has occurred that will 
need the system to perform in a way that is different from normal. This 
would cover failures, low performance, unexpected environmental 
conditions, or operator errors. These scenarios should reveal any additional 
capabilities or safeguards that are needed in the system. 


 Inspect the cask 
visually for damage  


Repair paint damage 
with the cask in its 
storage position at a 
convenient time. 


If no visible damage to 
overpressure system 
and system is holding 
pressure, continue to 
monitor but take no 
action. 


 Repair or replace 
damaged parts of the 
overpressure tank, 
tubing, and switches  


Re-pressurize the 
system, leak test, and 
reconnect to 
monitoring control 
panel. 
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 Evaluate any Pressure 
Drops with no 
apparent damage 


Leak test the 
overpressure tank, 
switches and fittings 


 


If leak is found, then 
correct leak, 
repressurize the tank 
and return to standard 
monitoring 
If no leak is found in 
the overpressure 
system; then proceed 
with seal replacement 
as described below. 


Table C-7. Seal Replacement 


 Primary Actions Decomposed Actions Comments 
SEAL REPLACEMENT Disconnect the seal 


monitoring system and 
remove it from the 
cask lid. 


  


 Transfer MISC Cask to 
maintenance area or 
truck bay area using 
bridge crane. 


Install cask lifting 
swivel hoist rings to lid 
and attach the crane 
and rigging to the MISC 
Cask 


 


Once MISC Cask has 
been transferred to 
maintenance area or 
truck bay, then remove 
the lid bolts and lid 
Remove cask lid, place 
in a bottom-up position 
on a stand where the 
cask lid and port seals 
can be replaced 


 Replace the Seal on the 
MISC Cask 


Examine the sealing 
surface and the new 
seal and install the new 
seal 


The seal is two 
concentric seals that 
come as a single unit 


 Install the MISC cask lid Examine and clean cask 
sealing surface; then 
rotate lid back to 
upright position and 
install on the MISC 
Cask 
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Install bolts on the lid 
and torque to required 
specification 


 Seal and leak test MISC 
Cask 


Remove the MISC lid 
port plug and seal. 


Leak check performed 
by attaching helium 
mass spectrometer to 
lid port and testing the 
lid seal by introducing 
helium to the 
monitoring port 
between the 
concentric lid seal. The 
cask is evacuated and 
backfilled with helium 
or helium/argon 
mixture to atmospheric 
pressure, then 
spectrometer is 
disconnected from lid 
port and port plug 
installed with new seal. 
Vacuum cup is installed 
over port plug and 
evacuated to the mass 
spectrometer to leak 
test port plug. 


Perform helium leak 
check of the MISC Cask 
and port plug. 


 Transfer MISC Cask 
from Maintenance or 
truck bay area back to 
it storage position 


Connect bridge crane 
and rigging to cask lid 
hoist rings and return 
cask to its previous 
storage position 


 


Remove rigging 
equipment and store in 
maintenance area 
 


 Install Seal monitoring 
system and return to 
service. 


Install Seal monitoring 
system. 


 


Pressurize seal 
monitoring system and 
leak test. 
Connect seal 
monitoring system to 
alarm system. 
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Table C-8. ISC Retrieval for Examination at a Separate INL Facility Such as HFEF 


 Primary Actions Decomposed Actions Comments 
ISC Retrieval for 
examination at a 
separate INL Facility 
such as HFEF 


Retrieving a single ISC from a MISC cask and transferring that ISC to a hot-
cell located outside of the IFSSF is treated as an off-normal operation. 


 Disconnect the seal 
monitoring system and 
remove it from the 
cask lid. 


Store seal monitoring 
system for future use. 


 


 Transfer MISC Cask to 
truck bay or 
maintenance area for 
unloading the MISC 
Cask 


Install cask lifting 
swivel hoist rings to lid 
and attach the crane 
and rigging to the MISC 
cask 


 


Once MISC Cask has 
been transferred to 
maintenance area or 
hot cell area, then 
remove the lid bolts 
and lid 
Remove cask lid using 
bridge crane and set 
aside 


 Install alignment 
fixture on the MISC 
Cask 


Install lifting fixture on 
the lid of the inner 
container selected for 
removal 


 


 Transfer the Transfer 
Pig to Alignment 
Fixture on the MISC 
Cask 


Secure the transfer pig 
to the alignment 
fixture and open the 
bottom gate 


 


 Transfer IC into 
Transfer Pig 


Attach a remotely 
operated lifting device 
to the crane hook 


The lifting device can 
be a cable attached to 
the bridge crane hook 
or a winch with cable 
that can be lowered 
through the transfer 
pig and connected to 
the IC lifting feature. 


Lower the lifting device 
through the transfer 
pig and connect to the 
lifting feature on the IC 
Lift the IC into the 
transfer pig, then close 
the bottom gate of the 
transfer pig. 
Lower the IC onto the 
bottom gate and 
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remove the lifting 
device from the IC. 


 Install cover on 
transfer pig and 
transfer to vehicle for 
transfer out of the 
IFSSF 


Connect lifting sling to 
transfer pig lugs and 
disconnect transfer pig 
from alignment fixture 


When the ISC/IC is 
returned from outside 
sampling, the cask 
must again be 
retrieved from storage, 
opened, re-loaded, re-
sealed, and returned to 
storage. These steps 
are not outlined for 
this section. 


Transfer the transfer 
pig from top of MISC 
Cask to transfer vehicle 
Remove alignment 
fixture from MISC Cask 


 Examine and Replace 
the Seal on the MISC 
Cask 


Examine the sealing 
surface and the new 
seal and install the new 
seal 


The seal is two 
concentric seals that 
come as a single unit 


 Install the MISC cask lid Examine and clean cask 
sealing surface, then 
rotate lid back to 
upright position and 
install on the MISC 
Cask 


 


Install bolts on the lid 
and torque to required 
specification 


 Seal and leak test MISC 
Cask 


Remove the MISC lid 
port plug and seal. 


Leak check performed 
by attaching helium 
mass spectrometer to 
lid port and testing the 
lid seal by introducing 
helium to the 
monitoring port 
between the 
concentric lid seal. The 
cask is evacuated and 
backfilled with helium 
or helium/argon 
mixture to atmospheric 
pressure, then 
spectrometer is 
disconnected from lid 
port and port plug 
installed with new seal. 
Vacuum cup is installed 
over port plug and 
evacuated to the mass 


Perform helium leak 
check of the MISC Cask 
and port plug. 
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spectrometer to leak 
test port plug. 


 Transfer MISC Cask 
from Maintenance or 
truck bay area back to 
it storage position 


Connect bridge crane 
and rigging to cask lid 
hoist rings and return 
cask to its previous 
storage position 


 


Remove rigging 
equipment and store in 
maintenance area 
 


 Install Seal monitoring 
system and return to 
service. 


Install Seal monitoring 
system. 


 


Pressurize seal 
monitoring system and 
leak test. 
Connect seal 
monitoring system to 
alarm system. 


 


3. NORMAL OPERATIONS, INDOOR OPEN VAULT 


Table C-9. Initial Delivery and Installation with the Light Transfer Cask (LTC) 


 Primary Actions Decomposed Actions Comments 
Initial Delivery and 


Installation with Light 
Transfer Cask (LTC) 


Precondition: Five LTCs have been loaded at the NRIC-LOTUS test bed facility, each 
with one outer container (OC) holding one ISC. The OCs have been evacuated and 
backfilled with dry inert gas at or slightly above ambient pressure. The Lid and port 
seals have been leak tested. Each OC lid will have a lifting feature to which a 
remotely operable lifting device can be attached and detached. The five LTCs are 
secured to a rack for transfer by high-capacity forklift. 


 Rack containing Five LTCs 
is transferred to IFSSF 


Forklift deposits cask in 
the loading bay at the 
end of the target storage 
bay. 


Cask is delivered via 
forklift or other vehicle 
with required capacity. 


 Remove shield plug from 
target storage pit 


Install lifting attachment 
to shield plug on the 
target storage pit 


 


Lift shield plug with 
bridge crane and set 
aside. 
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 Transfer LTC from Rack in 
truck bay to target 
storage pit position 


Install lifting attachments 
on the LTC (appropriate 
bridle or lift beam) 


Storage pits will be 
loaded at the near end of 
the by first 


Using bridge crane 
transfer the LTC to the 
target storage pit and 
center over the pit. 


 Transfer OC from LTC to 
Target Storage Pit 


Detach rigging from LTC 
and crane hook 


 


Unbolt the LTC lid and 
remove lid from LTC 
Attach remotely operated 
lifting device to crane 
hook and attach the 
lifting device to the lifting 
feature on the OC 
Lift the OC slightly, then 
open the bottom gate on 
the LTC 
Lower the OC into the 
Target Storage pit and 
remotely disengage the 
lifting device from the OC 
lifting feature, then close 
bottom gate on LTC 


 Transfer empty LTC back 
to storage rack 


Attach and bolt lid on the 
LTC. 


 


Attach rigging to LTC and 
bridge crane. 
Transfer the empty LTC 
back to storge rack in 
truck bay. 


 Install shield plug back in 
position over target pit 


Transfer shield plug to 
target pit 


 


Remove lifting 
attachment from shield 
plug 
Install shield plug security 
lock or tamper-indicating 
device. 


 Repeat process to unload 
remaining LTCs 


  


 Return empty LTCs and 
transfer rack back to the 
NRIC-LOTUS test bed 
facility 


 Once all of the ISCs have 
been transferred out of 
NRIC-LOTUS test bed, 
then store the rack and 
LTCs for future needs. 
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Table C-10. Initial Delivery and Installation with the HFEF-5 Cask 


Initial Delivery and 
Installation with the 
HFEF-5 Cask 


If the HFEF-5 is used for transfer of the OCs, each HFEF-5 is delivered and returned 
individually, rather than five at a time. The HFEF-5 uses a sliding top gate rather 
than a bolted lid. The transfer of the OC to the Target Storage Pit is essentially the 
same operational concepts as the LTC. 


Table C-11. Outer Container Seal Monitoring 


OC Seal Monitoring Seal monitoring is not required for the concrete vault because it is critically safe 
under worst accident case moderation by water. 


Table C-12. ISC Retrieval for Examination or for Fuel Salt Retrieval at the IFSSF 


ISC Retrieval for 
examination or fuel salt 
retrieval at the IFSSF 


This operation requires a transfer pig similar to the LTC even if the HFEF-5 was used 
for the initial delivery. These operations assume that the transfer pig is not 
required to have a lid for transfers within the IFSSF. 


 Primary Actions Decomposed Actions Comments 
 Remove shield plug from 


target storage pit 
Remove security seal 
from tart shield plug 


 


Install lifting attachment 
to shield plug on the 
target storage pit 
Lift shield plug with 
bridge crane and set 
aside. 


 Transfer the OC from 
target storage pit to 
transfer pig 


Connect appropriate 
rigging to transfer pig and 
center over the target 
storage pit. 


The lifting device can be a 
cable attached to the 
bridge crane hook or a 
winch with cable that can 
be lowered through the 
transfer pig and 
connected to the OC 
lifting feature. 


Install remotely operable 
lifting device to the crane 
hook 
Open the transfer pig 
bottom gate and lower 
the lifting device through 
the transfer pig and 
attach to the OC lifting 
feature 
Lift the OC into the 
transfer pig and close the 
bottom gate. 
Lower the OC onto the 
bottom gate then 
disconnect the lifting 
device from the OC 


 Transfer the transfer pig 
with the OC to the cart 


Connect lifting slings to 
the transfer pig and 
disconnect the transfer 
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with scissor lift near the 
hot cell 


pig from the alignment 
fixture. 
Transfer the transfer pig 
from top of MISC Cask to 
cart with scissor lift near 
the hot cell. 
Remove lifting slings from 
transfer pig. 


 Prepare the OC for 
docking with the hot cell 


Loosen the OC Cover 
bolts and remove the OC 
cover 


The seals on the OC cover 
and OC port plug can be 
replaced during the hot 
cell operations as parallel 
operation. 
 
A contamination seal 
between the OC and the 
pig or a rubber skirt 
around that top of the OC 
that will be attached to 
the docking port of the 
hot cell. 


Install a lifting 
attachment on the OC 
shield plug 
Install any features 
required to dock the pig 
and IC to the hot cell. 


 Transfer the pig and OC 
to docking port under hot 
cell and dock with hot cell 


Open the internal port of 
the hot cell 


 


 Transfer ISC into hot cell 
and perform sampling 
and re-sealing operations 


Using in-cell hoist 
attached to the OC shield 
plug and remove the OC 
plug into the hot cell 


 


Using in-cell hoist 
transfer the ISC into the 
hot cell 
Visually or dimensionally 
examine the ISC for signs 
of deformation or 
corrosion. 
Move ISC to the station 
for opening, heating, 
sample extraction, and 
re-sealing. 


 Transfer ISC into OC and 
install shield plug 


Lower the ISC back to the 
IC using the in-cell hoist. 


 


Install OC shield plug onto 
OC and close inner door 
of the hot cell docking 
port. 


 Undock the OC and 
transfer pig from the hot 
cell, lower and transfer to 
intermediate area. 


Decontaminate the OC 
and inspect and clean the 
sealing surface. 


 


 Install the OC cover with 
new seal and torque the 


Leak check performed by 
attaching helium mass 
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Install lid on OC and 
perform leak test 
operations. 


bolts to required 
specification 


spectrometer to OC cover 
port, evacuating the OC 
and introducing helium to 
the lid perimeter. Verify 
no leakage above the 
specified limit. Backfill 
the OC with helium or 
helium/argon, remove 
the gas and vacuum 
plumbing from the cover 
pot and immediate install 
port plug with new seal. 
Leak test the port using 
helium mass 
spectrometer connected 
to vacuum cup placed 
over the port plug. 


Perform helium leak test 
of the OC and port plug. 


 Transfer the transfer pig 
with OC/ISC back to 
target storage pit. 


Using bridge crane 
transfer the transfer pig 
to the target storage pit 
and center over the pit. 


 


Detach rigging from 
transfer pig and crane 
hook 
Attach remotely operated 
lifting device to crane 
hook and attach the 
lifting device to the lifting 
feature on the OC 
Lift the OC slightly, then 
open the bottom gate on 
the transfer pig 
Lower the OC into the 
Target Storage pit and 
remotely disengage the 
lifting device from the OC 
lifting feature, then close 
bottom gate on LTC 


 Transfer empty transfer 
pig back to maintenance 
area for storage 


Attach rigging to the 
transfer pig and bridge 
crane and transfer to 
maintenance area for 
storage 


 


 Install shield plug back in 
position over target pit 


Transfer shield plug to 
target pit 


 


Remove lifting 
attachment from shield 
plug 
Install shield plug security 
lock or tamper-indicating 
device. 







 


 BGS-BEA-TR-02 September 2022 100 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


Table C-13. ISC Transfer to Another Facility on the INL Site 


ISC transfer to another 
facility on the INL SITE 


The following operations use the LTC. The same operations can be performed with 
the HFEF-5 cask. Handling and receipt operations at the destination will differ due 
to the increased height and weight of the HFEF-5 cask, but those operations are 
beyond the current scope. 


 Primary Actions Decomposed Actions Comments 
 Remove shield plug from 


target storage pit 
Remove security seal 
from target shield plug 


 


Install lifting attachment 
to shield plug on the 
target storage pit 
Lift shield plug with 
bridge crane and set 
aside. 


 Transfer the OC from 
target storage pit to LTC 


Connect appropriate 
rigging to LTC and center 
over the target storage 
pit. 


The lifting device can be a 
cable attached to the 
bridge crane hook or a 
winch with cable that can 
be lowered through the 
transfer pig and 
connected to the OC 
lifting feature. 


Install remotely operable 
lifting device to the crane 
hook 
Remove the LTC lid 
Open the LTC bottom 
gate and lower the lifting 
device through the LTC 
and attach to the OC 
lifting feature 
Lift the OC into the LTC 
and close the bottom 
gate. 
Lower the OC onto the 
bottom gate of the LTC 
then disconnect the 
lifting device from the OC 
Install lid on the LTC. 


 Transfer LTC to Truck Bay Install rigging on the LTC 
and transfer to truck bay 
using bridge crane. 


In the truck bay, stage a 
device for carrying the 
LTC and keeping it 
vertical during transfer. 
This could be a pallet with 
a cup mounted on the 
pallet. 


Place the LTC into the 
transfer device and 
secure. 


 Transfer the Loaded LTC 
to its designation  


 Transfer can be 
performed using forklift, 
flatbed truck, or other 
appropriate vehicle. 
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Table C-14. Transport Off-Site 


Transport of ISC off site Neither the LTC, the HFEF-5, nor the OC is designed as a transport packaging under 
10 CFR 71. Therefore, the contents must be transferred to a licensed transport 
packaging. The following operations use the LTC or a similar transfer pig. The same 
operations can be performed with the HFEF-5, however loading a transfer 
packaging from the HFEF-5 cask would likely have to be performed outdoors due to 
its greater height. 


 Primary Actions Decomposed Actions Comments 
 Remove shield plug from 


target storage pit 
Remove security seal 
from target shield plug 


 


Install lifting attachment 
to shield plug on the 
target storage pit 
Lift shield plug with 
bridge crane and set 
aside. 


 Transfer the OC from 
target storage pit to LTC 


Connect appropriate 
rigging to LTC and center 
over the target storage 
pit. 


The lifting device can be a 
cable attached to the 
bridge crane hook or a 
winch with cable that can 
be lowered through the 
transfer pig and 
connected to the OC 
lifting feature. 


Install remotely operable 
lifting device to the crane 
hook 
Remove the LTC lid 
Open the LTC bottom 
gate and lower the lifting 
device through the LTC 
and attach to the OC 
lifting feature 
Lift the OC into the LTC 
and close the bottom 
gate. 
Lower the OC onto the 
bottom gate of the LTC 
then disconnect the 
lifting device from the OC 
Install lid on the LTC. 


 Transfer LTC to Truck Bay Install rigging on the LTC 
and transfer to truck bay 
using bridge crane. 


 


 Transfer the OC from the 
LTC to the transport 
packaging 


 If the transport packaging 
height is low enough, 
load the OC into the 
transport packaging using 
the bridge crane to set 
the LTC above the 
transport packaging. If 
loading crane height is 
not sufficient for vertical 
loading indoors, transfer 
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the LTC outdoors to a 
purpose-built tower for 
loading the transport 
packaging. 


 Repeat process if 
additional OCs are to be 
transferred. 


Survey empty LTCs, decon 
as necessary, and place 
into storage. 


 


 


4. OFF-NORMAL CONDITIONS, INDOOR OPEN VAULT 


Table C-15. Actions Following Off-Normal Handling or Environmental Conditions (Cask Drop, 
Impact, Earthquake, Flood, etc.) 


 
 Primary Actions Decomposed Actions Comments 


Actions following off-
normal handling or 
environmental 
conditions (Cask Drop, 
Impact, Earthquake, 
Flood, etc.) 


These scenarios cover cases where some condition has occurred that will 
need the system to perform in a way that is different from normal. This 
would cover failures, low performance, unexpected environmental 
conditions, or operator errors. These scenarios should reveal any additional 
capabilities or safeguards that are needed in the system. 


 Inspect the accessible 
surfaces of the 
concrete pit modules 
for damage. 


  


 Develop a sampling 
plan for more detailed 
examination of the pits 


Removal of Shield Plug  
Removal of the OC 
Visual inspection of the 
Target Pit Interior 
Visual inspection of the 
OC 
Leak testing of the OC 


Table C-16. Seal Replacement 


 Primary Actions Decomposed Actions Comments 
Seal Replacement Remove shield plug 


from target storage pit 
Remove security seal 
from target shield plug 


 


Install lifting 
attachment to shield 
plug on the target 
storage pit 
Lift shield plug with 
bridge crane and set 
aside. 


 Connect appropriate 
rigging to transfer pig 


The lifting device can 
be a cable attached to 
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Transfer the OC from 
target storage pit to 
transfer pig 


and center over the 
target storage pit. 


the bridge crane hook 
or a winch with cable 
that can be lowered 
through the transfer 
pig and connected to 
the OC lifting feature. 


Install remotely 
operable lifting device 
to the crane hook 
Open the transfer pig 
bottom gate and lower 
the lifting device 
through the transfer 
pig and attach to the 
OC lifting feature 
Lift the OC into the 
transfer pig and close 
the bottom gate. 
Lower the OC onto the 
bottom gate then 
disconnect the lifting 
device from the OC 


 Transfer the transfer 
pig with the OC to the 
cart with scissor lift 
near the hot cell 


Connect lifting slings to 
the transfer pig and 
disconnect the transfer 
pig from the alignment 
fixture. 


 


Transfer the transfer 
pig from top of MISC 
Cask to cart with 
scissor lift near the hot 
cell. 
Remove lifting slings 
from transfer pig. 


 Replace the Seals on 
the OC 


Loosen OC cover bolts 
and remove OC cover 


 


Remove old seal; 
inspect and clean the 
lid seal groove 
Install new lid seal 
Inspect and clean OC 
sealing surface 
Install OC cover with 
new seal and torque 
the bolts to 
specification 


 Perform Leak test 
operations of the OC 
and port plug 


Remove and Replace 
the Port Seal Plug 


Leak check performed 
by attaching helium 
mass spectrometer to 
OC cover port, 
evacuating the OC and 


Perform helium leak 
test of the OC and port 
plug 
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introducing helium to 
the lid perimeter. 
Verify no leakage 
above the specified 
limit. Backfill the OC 
with helium or 
helium/argon, remove 
the gas and vacuum 
plumbing from the 
cover pot and 
immediate install port 
plug with new seal. 
Leak test the port using 
helium mass 
spectrometer 
connected to vacuum 
cup placed over the 
port plug. 


 Transfer the transfer 
pig with OC/ISC back to 
target storage pit. 


Using bridge crane 
transfer the transfer 
pig to the target 
storage pit and center 
over the pit. 


 


Detach rigging from 
transfer pig and crane 
hook 
Attach remotely 
operated lifting device 
to crane hook and 
attach the lifting device 
to the lifting feature on 
the OC 
Lift the OC slightly, 
then open the bottom 
gate on the transfer pig 
Lower the OC into the 
Target Storage pit and 
remotely disengage the 
lifting device from the 
OC lifting feature, then 
close bottom gate on 
transfer pig. 


 Transfer empty 
transfer pig back to 
maintenance area for 
storage 


Attach rigging to the 
transfer pig and bridge 
crane and transfer to 
maintenance area for 
storage 
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 Install shield plug back 
in position over target 
pit 


Transfer shield plug to 
target pit 


 


Remove lifting 
attachment from shield 
plug 
Install shield plug 
security lock or 
tamper-indicating 
device. 


Table C-17. ISC retrieval for Examination at a Separate INL Facility such as HFEF 


ISC Retrieval for 
examination at a 
separate INL Facility 
such as the HFEF 


For concrete vault storage, this is identical to the operation “ISC TRANSFER 
TO ANOTHER FACILITY ON THE INL SITE”. 
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Appendix D. Time Motion Studies 
The BGS Design Team developed 14 (14 each) Time Motion Studies / Analysis with associated 
labor, materials, equipment, subcontracting cost for use in evaluating the various IFSSF pre-
conceptual designs. These Time Motion Studies / Analysis were used to provide additional 
detail in scoring of options and overall operational times and cost. These 14 Time Motion 
Studies / Analysis are summarized in Table D-1. 


Table D-1. Summary of Time Motion Studies and Results 
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Appendix E. Not Appropriate for Public Release 
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Appendix F. Not Appropriate for Public Release 
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Appendix G. Cost Analyses 
Table G-1. Summary of IFSSF Options Cost 
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IFSSF Trade Study Cost Evaluation  


IFSSF Options Development and Evaluation 


The BGS Design Team has develop three main design options of the IFSSF for consideration by 
INL. These are based upon the main Transfer / Storage Cask Designs: HFEF-5 Transfer Cask, 
Light HFEF-5 Transfer Cask, and Multiple ISC (MISC) Transfer & Storage Cask. These three 
options first had to have their sizes determined based upon the available area within the ZPPR 
PIDAS.  


The three options are listed below: 


3. IFSSF Indoor Open Vault 


Uses indoor Vertical Vault Storage for ISCs and shielded outer container transferred from the 
NRIC-LOTUS test bed ZTB Facility via the HFEF-5 Transfer Cask [80’0” E-W x 160’0” N-S / 
eliminates much of the “Equipment & Materials Laydown Area” originally proposed by INL 
Design Team]. 


4. IFSSF Indoor Multi-Canister Cask Storage 


Uses MISC Storage for ISCs and shielded outer container transferred from the NRIC-LOTUS 
test bed ZTB Facility via the MISC Transfer & Storage Cask [same size footprint and building 
configuration]. 


NOTE: The Indoor IFSSF options use exterior Slab-on-Grade (SOG) for the housing the 
mechanical and electrical equipment to maximize space utilization within the IFSSF for 
irradiated fuel storage. 


• Mechanical SOG - 25’0” E-W x 50’0” N-S 
• Electrical SOG – 15’0” E-W x 30’0” N-S 


5. IFSSF Outdoor Overpack with Multi-Canister Cask 


Uses MISC storage for ISCs and shielded outer container transferred from the NRIC-LOTUS 
test bed or ZTB Facility via the MISC Transfer & Storage Cask and placed into larger overpack 
placed on SOG within double-fenced area within the ZPPR PIDAS area [same location as above 
but only 44’0” E-W x 124’0” N-S storage area due to double perimeter security fencing space 
allocations]. 


The INL Design Team basic pre-conceptual layout for the IFSSF is shown in Figure G-1. 
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Figure G-1. Pre-Conceptual Layout for the IFSSF 


INL Design Team and MFC cost estimating staff recommended 40% for project contingency and 
Project Management Reserve. 


Other construction cost impact factors that the INL Design Team recommended are as follows: 


• 25% for NQA-1 impacts / inefficiencies 


• 15% for INL access Impacts / inefficiencies 


• 30% for PIDAS access impacts / inefficiencies 


BGS Design Team assumed that the INL Design Team would use a General Contractor (GC) to 
provide overall coordination of construction project including all subcontractors and vendors. 


• The GC would provide temporary construction offices / laydown areas / security fencing. 


• The GC would have mobilization and demobilization cost for a large construction project. 
INL Design Team and MFC cost estimating recommended 40% for GC fee. 


• BGS Design Team assumed that the INL Design Team would provide overall engineering and 
project management coordination of construction project. The BGS Design Team used 
12.0% of construction cost for engineering and design cost after discussion with the INL 
Design Team and MFC cost estimating staff.  


• INL Design Team and MFC cost estimating staff recommended 15% for fee. 


• The BGS Design Team did not originally consider escalation cost. The INL Design Team and 
MFC cost estimating staff recommended 4.0% for escalation for the next 2 years (2023 and 
2024) per the latest DOE-HQ direction. 
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The BGS Design Team developed a pre-conceptual design for these three options and then 
developed the detailed cost estimate (DCE) based upon take-off quantities from the sketches / 
ideas. The BGS Design Team then used the RS Means Construction Data 2022 to develop 
appropriate construction cost. The RS Means Data used the following: 


• Building Construction Costs 2022 


• City Cost Index, page 795 – Idaho Falls, ID, Materials 98.5% / Installation 79.9%, Overall 
90.9% 


• BGS Design Team has never found these percentages to be accurate for application for 
INL site construction projects 


• Mechanical Costs 2022 – 45th Annual Edition 


• Electrical Costs 2022 – 45th Annual Edition  


Table G-1 provides a side-by-side comparison of these three options: 


• The security hardened Option 1 – Indoor Open Vault Storage and Option 2 – Indoor Open 
MISC Storage are $87.2 million and $89.8 million, respectively, vs. the Option 3 – Outdoor 
Overpack and MISC Storage of $22.0 million for the exterior storage concept with a simple 
SOG construction and large precast concrete overpack storage casks. 


The slightly higher cost for Option 2 is driven by the MISC Transfer and Storage Casks. The 
Multiple ISC (MISC) Transfer & Storage Cask Option that the BGS Design Team investigated is 
within the same weight range as the HFEF-5 Transfer Cask but holds seven each ISC/ICs and has 
a double seal lid configuration. 


• Estimated weight of the MISC-7 Transfer & Storage Cask is approximately 32,000 lb 
(16.0 tons) empty and 37,500 lb (18.7 tons) fully loaded, with 7 each ISCs. 


• Estimated cost of the MISC-7 for fabrication is $287,500 x 4 each = $1,150,000. 
• Estimated cost of the MISC-7 Transfer & Storage Cask for engineering, design, and 


testing is $454,000. 


The other transfer cask option that the BGS Design Team investigated is the Light Weight 
Transfer Cask (LTC), which is roughly of the same configuration as the HFEF-5 Transfer Cask but 
with a significant reduction in lead thickness and height. 


• Estimated weight of the LTC Transfer & Storage Cask is approximately 6,600 lb (3.3 tons) 
empty and 7,150 lb (3.6 tons) fully loaded with 1 each ISC. 


• Estimated cost of the LTC for Fabrication is $36,000 x 5 each = $180,000. 
• Estimated cost of the LTC Transfer & Storage Cask for engineering, design, and testing is 


$293,000. 
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Appendix H. Thermal Scoping Analysis 
Precast Concrete Vault Storage Pit Thermal Analysis 


A simplified 2D thermal analysis has been performed on the precast concrete vault storage pit 
shown in Figure H-1. A plan-section view is shown in Figure H-2 with key dimensions and 
materials identified. The analysis seeks to estimate irradiated salt heat-generation rates that 
would yield specific temperatures at the inner wall of the Irradiated Storage Container and the 
inside surface of the concrete pit, as failures of these materials (due to exposure to excessive 
heat) could cause failures in the containment structure(s).  


The analysis evaluates heat transfer via 2D radial composite wall conduction, solving for a heat 
generation rate (in watts) of the irradiated salt that would yield various temperature 
differences between the inner surface of the Irradiated Storage Container and the inside 
surface of the Concrete Pit, T1 and T2, respectively. For the purposes of this analysis, 
convection and radiation are ignored, thermal conductivities of materials are assumed static at 
400 K, and heat transfer at the ends of the containers is not considered.  


A plot showing estimates for various Qgen values (rate of heat generation from the irradiated 
salt mass) corresponding to wall temperatures is given in Figure H-3. The vertical axis 
represents irradiated salt heat generation rates (in watts per ISC, assuming 48 kg mass of 
irradiated salt per ISC), and the horizontal axis represents internal container wall temperatures. 
Plots are repeated for three different concrete surface temperatures. It is notable that these 
temperatures are only useful in setting up discrete temperature differences for a simplified 2D 
planar analysis. A more thorough analysis, perhaps using advanced simulation software and 
techniques, should be performed prior to finalizing the design, as the actual results will not be 
linear (due to material considerations, radiation, convection, and overall geometry). 


Based on these results, a 500°F inner container wall temperature and a 150°F concrete wall 
temperature (the second curve on the plot) is expected to result from a Qgen of just under 
800 watts per ISC. 
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Figure H-1. Precast Concrete Vault Storage Pit Isometric Section View 


 


Figure H-2. Precast Concrete Vault Storage Pit section (plan view) with Dimensions and 
Materials 
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Figure H-3. Heat Rates Corresponding to Radial Temperature Differences across the 
Composite Wall 


Assumptions: 


Simple steady state planar radial conduction via composite walls is useful for a preliminary pre-
conceptual evaluation (Equation 1 and Figure H-4): 


 


 
 







 


 BGS-BEA-TR-02 September 2022 116 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


 


Figure H-4. Composite Wall Configuration Used in 2D Planar Analysis 


Dimensions are in inches. T1 is the temperature at the inner wall of the inner container, and T2 
is the temperature at the inside concrete wall. 


• Thermal conductivity of air and steel are fixed and based on values at 400 K. 


• Length (L) is 18 in. (based on 3D CAD geometry of the irradiated salt inside the inner 
container. 


• Radiation and convection are ignored. 


• End effects on container geometry are ignored. 
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Appendix I. HVAC Analysis 
Initial estimates of heating and cooling loads were prepared to support the development of the 
indoor IFSSF preconceptual alternative and trade study. The HVAC estimate separates the IFSSF 
into two zones, as shown in Figure I-1. The main criterion for separating the zones is the 
amount of radiation people would be exposed to, with Zone 1 having the least and Zone 2 
having the most. Zone 2 contains both the primary HVAC area and secondary HVAC area, while 
Zone 1 contains the tertiary HVAC area. The contributing factors of heating/cooling load(s) were 
broken into exterior and interior loads. 


The main factor for exterior gains/losses was the conduction from the sol-air temperature and 
the comfort temperatures of 75°F in the summer and 72°F in the winter. Weather data was 
collected for the hottest and coldest recorded days from 2022. The general assumption is that 
the peak design scenarios occur on these days with a clear sky. The procedure used was based 
on equations from ASHRAE Handbook in which the sol-air temperature was calculated using 
solar data provided by the handbook. The U-Values for the walls and roof were also estimated 
based on details in this handbook. Using Fourier’s Law and the Sol-air Temperature Equation, 
the conduction values for the walls and roofs were calculated and then combined based on the 
hour of day. The floor of the structure was assumed to be a perfect insulator, whereas no heat 
gain or loss was accounted for. Additional information on the assumptions and variables is 
provided in Table I-1. 


 


 


 


 


 


 


 


 


 


 


 


 


Figure I-1. IFSSF HVAC Zones 
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Table I-1. Interior Assumptions and Values for HVAC Load Analysis 


 


 


The interior load had two main constant contributing factors for both zones: lighting and 
equipment. Estimates for each were calculated following the methods and assumptions shown 
in the ASHRAE Handbook. Using values of .58 W/ft2 for lighting and a range of 2 to .81 W/ft2 for 
equipment, lighting and equipment loads were calculated. For the equipment load, the 
conversion factor of 3.4121 was used to purely convert the Watts to Btu/hr. Other internal 
loads such as personnel loads and the load from the 20-ton cranes were estimated using 
methods and assumptions outlined in the ASHRAE Handbook. It was also assumed that six 
people would be working per zone. Lighting, equipment, and personnel loads were assumed to 
be working 24/7 to identify peak heating/cooling conditions. Larger pieces of equipment such 
as the 20-ton cranes are accounted for, but it should be noted that the cranes should not be 
operating for long periods. Not accounted for is hot-cell load. Additional information on the 
assumptions and variables is provided in Table I-2. The initial heating and cooling load estimates 
are shown below in Table I-3. 
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Table I-2. Exterior Assumptions and Values for HVAC Load Analysis 


 


Table I-3. Initial Estimates of IFSSF Heating and Cooling Loads 


 Heating Load (Btu/hr) Cooling Load (Btu/hr) 
Zone 1 176710 115493 
Zone 2 272606 283525 
Total 449316 (Btu/hr) 399017 (Btu/hr) 


Note: Does not include hot cell loads  
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Appendix J. Electrical Analysis 
Electrical service (13.8 kV) for the IFSSF will be extended from the existing Materials and Fuels 
(MFC) Substation 11. It will be installed in an underground duct bank from a spare 13.8 kV 
switchgear breaker in the MFC-768 Switchgear Building to a new pad-mounted transformer 
located on a new electrical equipment pad located near the IFSSF. Should a proposed power 
systems upgrade project materialize, a 13.8 kV feeder in an underground duct bank will be 
extended from a new switchgear building near the MFC-758 Substation to the new pad-
mounted transformer. The service will be installed in an underground duct bank to a new pad-
mounted transformer located on a new electrical equipment pad located near the IFSSF. The 
transformer shall be three-phase, 13.8 kV delta primary and 480–277 V secondary, and 
weatherproof. The transformer shall be sized in accordance with proposed facility loads and 
shall include 25% spare capacity.  


The new three-phase transformer pad-mounted transformer will support new process 
equipment; material-handling, security, monitoring systems; HVAC systems, etc., required by 
the IFSSF. All necessary transformers, distribution and lighting panelboards, motor control 
equipment, switches, control equipment, etc., to service all building loads shall be provided. 
Shielded isolation transformers will be used to supply power to sensitive equipment to reduce 
certain types of electrical disturbances from transferring from the primary service to the 
secondary service. 


480-V distribution panelboard(s) shall be provided to supply power to motor control 
equipment, cranes, hoists, HVAC equipment, air compressors, and 480-120/208-V distribution 
transformers, which shall be located throughout the building. The 480-120/208 V three-phase 
distribution transformers will supply power to 120/208 V, three-phase lighting panelboards, 
which shall also be located throughout the building, lighting, HVAC equipment, compressors, 
and all motors sized 1/2 horsepower and larger. The 120/208-V lighting panels shall be 
provided to distribute power to exit and emergency lighting, receptacles, and motors smaller 
than 1/2 horsepower. 


Battery backup, self-contained exit lighting fixtures shall be provided at all building exits. 
Battery backup, self-contained emergency egress lighting units shall be provided for electrical 
equipment locations and for exit paths. Safety shower lighting shall be provided at all safety 
shower and eyewash stations. 


Interior lighting system switching shall be provided by a lighting contactor located near the 
main distribution panelboard as a means of minimizing energy waste such as timers, an energy 
management system, etc.  


A standby generator unit for service as a power source in the event of a failure of the normal 
power source shall be provided. Operation shall be completely automatic and unattended for 
the duration of a loss of normal power. The generator package shall supply electric power to 
power the distribution system for emergency or essential service. In the event of loss of the 
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main generator, a 480 VAC, four-pole rotary docking station in a NEMA 3R enclosure to 
facilitate a temporary connection to power the facility from a portable generator will be 
provided. The docking station shall be equipped with a temporary power connection molded 
case circuit breaker, phase rotation monitor, and a complete set of UL listed 600-V generator 
cables.  


A new Uninterruptible Power Supply (UPS) with 480 VAC three-phase output to backup power 
to critical equipment shall be provided. The UPS shall be capable of supplying a runtime of TBD 
minutes and initial inrush demands. Additionally, any required monitoring and alarm 
requirements will need to be determined. The UPS will be installed outdoors in a temperature- 
and humidity-controlled NEMA 3R enclosure.  


A lightning protection system in compliance with the specifications and standards of the most 
current editions of the National Fire Protection Association’s Lightning Protection Standard, 
NFPA-780, and Underwriters Laboratories Lightning Protection Standard, UL96-A, shall be 
included. This system shall provide facility protection for the building and occupants by 
preventing damage to the structure caused by lightning and induced transient currents. The 
system shall be designed to ensure that static discharges are given an adequate path to ground. 
Surge arresters on the main electrical service shall also be provided. The system shall be 
installed by a lightning protection contractor who is listed by Underwriters Laboratories, Inc. 


A building ground mat shall be installed. The building structure shall be grounded by means of a 
buried 4/0 bare copper cable connected to driven copper ground rods located around the 
perimeter of the building. The cable and ground rods shall be located 5 ft from the building 
periphery and be buried a minimum of 18 in. deep. Ground rods shall be ¾ in. in diameter by 
10 ft long, spaced at 25-ft intervals around the perimeter of the building. The perimeter cable 
shall be cross connected under the floor with both east-west and north-south runs of 4/0 
copper cable, with spacing equivalent to that of the building column lines. 


The structural steel in the building shall be grounded at each alternate column by means of a 
2/0 bare copper cable extended from the ground grid and bonded to columns. Two 2/0 bare 
copper cables shall be extended from the grid to the pad-mounted load center. 


All tanks, vessels, and miscellaneous equipment shall be grounded. Grounding or bonding of 
equipment to building steel as a sole means of grounding is not acceptable, and the use of 
conduits as the equipment grounding conductor is not permitted. All motor frames, light fixture 
enclosures, panelboards, and enclosures housing electrical devices, such as safety switches, 
motor starters, etc., shall be grounded with an equipment grounding conductor The equipment 
grounding conductor shall be a continuous bare or green-insulated copper wire and shall be run 
in the same conduit with the current carrying conductors. 


A 4/0 bare copper cable shall be run directly on top of each underground duct bank and 
connected to the building ground grid. In addition, all conduits containing current-carrying 
conductors shall contain an appropriately sized copper ground conductor. Fences and gates 
shall be grounded. 
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Telephone services and the plant public address system will be extended into the area. PA 
emergency notification system speaker stations consisting of a main system with backup 
capability shall be installed throughout the facility. 


A battery charging station for the forklift was considered as option in the IFSSF. If added this 
capability would require that several safety-related requirements be followed and that an area 
for forklift battery charging be designated. Adequate ventilation to mitigate hydrogen fumes 
shall be provided. The fumes given off by some batteries are very corrosive; therefore, wiring 
and its insulation must be of a type that can withstand corrosion. The battery charging station 
shall be constructed of fire-rated building materials and that fire protection and acid-resistant 
flooring be installed in the charging area. A fused disconnect switch or circuit breaker shall be 
wired directly to the charger. If a ventilation/power shut-off interlock is required, then a 
combination disconnect and contactor with on-off control is needed. The charger input 
terminals shall be permanently wired to the load side of the contactor. An auxiliary single-pole 
double throw (SPDT) contact on the contactor for remote annunciation of ventilation/power 
loss is needed. A safety shower/eye wash station will be located within 25 ft of battery 
charging/ handling area. A monorail or jib crane to aid in removing and replacing batteries will 
be included. Drive motors must be a totally enclosed, fan-cooled type. A rope barricade around 
the motive power battery-servicing area and a guard or equivalent barrier in front of the 
charger unit to protect against physical damage will be included. 
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Appendix K. Weight Estimates for Material 
Handling 


Estimates of weights to support the material-handling analysis are shown below. 


 


Figure K-1. Estimated Weight for Pre-cast Vertical Vault Storage Units 


 


 


Figure K-2. Estimated Weight for Lightweight Transfer Cask (LTC) 


 







 


 BGS-BEA-TR-02 September 2022 124 
 


 


Irradiated Fuel Salt Storage Facility Requirements Collection and Trade Study 


 


Figure K-3. Estimated Weight for Multiple ISC (MISC) Transfer & Storage Cask 


 


 


Figure K-4. Estimated Weight for Multiple ISC (MISC) Transfer & Storage Cask 
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This information was prepared as an account of work sponsored by an agency of the U.S. 
Government. Neither the U.S. Government nor any agency thereof, nor any of their employees, 
makes any warranty, expressed or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness, of any information, apparatus, product, or process disclosed, 
or represents that its use would not infringe privately owned rights. References herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does 
not necessarily constitute or imply its endorsement, recommendation, or favoring by the U.S. 
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EXECUTIVE SUMMARY 
Introduction 


This report provides results from evaluations of options for removing irradiated fuel and other 
radioactive materials from the National Reactor Innovation Center’s Laboratory for Operation 
and Testing in the United States (NRIC-LOTUS) test bed. The NRIC-LOTUS test bed is located at 
Idaho National Laboratory (INL) to support testing of advanced reactors fueled by highly 
enriched uranium fuels (HEU). INL’s objective is to provide industrial partners with testing 
capabilities that will enable the deployment of advanced reactor demonstration projects in the 
next 5 to 7 years.  


INL is developing two test beds: (1) the NRIC-LOTUS test bed, which is the focus of this report, 
and (2) the Demonstration and Operation of Microreactor Experiments (DOME) test bed for 
microreactors. The currently planned reactor types for the NRIC-LOTUS test bed are molten salt 
reactors (MSRs) in which the fuel is dissolved in a molten salt and consists of either HEU or 
plutonium (Pu) fuel (i.e., those requiring an increased security posture) that will remain on INL 
property following its removal. 


To support operation of demonstration reactors in the NRIC-LOTUS test bed, it must be possible 
to remove irradiated fuel salt and other radioactive materials from the NRIC-LOTUS test bed 
after the reactor experiment has been completed. This report examines options for removing 
irradiated fuel salt and other radioactive materials from the NRIC-LOTUS test bed. Moreover, 
this work serves to ensure that, subsequent to reactor operations, deactivation and 
decommissioning (D&D) of the reactors can be completed within the NRIC-LOTUS test bed 
envelope (spatial limits) and the NRIC-LOTUS test bed requirements. It is anticipated that the 
approaches included in this report would be adaptable to other liquid-fueled MSRs. 


Objectives of Project 


The objective of the project is to develop high-level concept for operations for removing 
irradiated fuel salt and other radioactive materials from the NRIC-LOTUS test bed. After having 
evaluated alternatives and conducted appropriate trade studies, recommendations are made to 
identify preferred alternatives. This preliminary work should enable future efforts to (1) identify 
interfaces between the NRIC-LOTUS test bed, demonstration reactor, and other INL facilities 
[including the planned Irradiated Fuel Salt Storage Facility (IFSSF)] and prepare associated 
functional and operational requirements and (2) develop a preliminary equipment list to 
identify and formulate alternatives for equipment or missing capabilities needed to ensure that 
the concept of operations can be deployed. 


Technical Approach 


The technical approach employed for this phase of work involves four steps: 


1. For fuel removal, identify cask alternatives and select three viable cask options to 
further evaluate including transfer casks and dual-purpose casks capable of transfer and 
storage. Three cask options were determined to be viable options at this point. 
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2. For other radioactive materials removal, this overall category was decomposed into 
three material types: 


a. Flush salt (salt used prior to loading the fuel salt to condition the reactor systems 
and then used following removal of the fuel salt to remove small amounts of 
residual fuel salt left). 


b. Large/heavy (> 5 tons) reactor components (high- or low-level rad waste). 


c. Smaller Components < 5 tons (high- or low-level rad waste). 


3. Alternative analyses and trade studies were performed to identify preferred alternatives 
for a material-handling system for each of the three cask alternatives and for the three 
material types. High-level concepts of operations were then developed for each of the 
three cask alternatives and for each of the three material types. 


4. Subsequently, a trade study was performed to identify a preferred alternative for fuel 
removal from the three CONCEPTS OF OPERATIONS. 


Cask Alternatives 


Preparations for irradiated fuel removal start with unloading the irradiated salt container (ISC), 
as performed by the reactor developer, from the hot cell and placing it in the cask for transfer 
to the storage facility. 


The three casks identified are based on a preliminary ISC design by the reactor developer: 


1. The Hot Fuel Examination Facility (HFEF)-5 Cask—bottom loaded—is the baseline option 
as originally conceived by the NRIC-LOTUS test bed project team. This cask is used to 
transfer an ISC inside an outer container (OC) to an indoor open vault IFSSF. The OC, 
which comprises the storage unit, is transferred from the hot cell to the HFEF-5 Cask in a 
transfer pig that remains inside the NRIC-LOTUS test bed containment.  


2. The Light Transfer Cask (LTC) is a new design—bottom loaded—and an alternative to 
the HFEF-5 Cask for transferring an ISC inside an OC to an indoor open vault IFSSF. The 
OC is the same as that for the HFEF-5 Cask. No transfer pig is required. The loaded LTC is 
light enough to be lifted by the NRIC-LOTUS test bed polar crane and short enough that 
it can be docked below the hot cell for direct loading. The size and weight of the loaded 
LTC are such that five LTCs can be assembled on a locking pallet system and removed by 
a forklift at one time (Figure ES-1. Light Weight Cask (LTC) and 5 LTCs Loading in Locking 
Pallet System). 


3. The Multi-Irradiated Salt Container (MISC) transfer and storage cask is a new design and 
a small version—top loaded—of the dry storage casks concepts used for commercial 
light-water reactor (LWR) storage. It serves both for transfer operations and for long-
term storage of the ISCs. In place of a vault, the MISC is stored in a secure building on a 
slab at grade or in a concrete and steel overpack that provides impact and theft 
resistance comparable to a secure building. The primary advantage of the MISC is the 
ability to remove seven ISCs from the NRIC-LOTUS test bed facility in a single transfer. 
The loaded weight remains under the 20-ton capability of proposed forklifts (Figure 
ES-2).   
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Figure ES-1. Light Weight Cask (LTC) and 5 LTCs Loading 
in Locking Pallet System 


Figure ES-2. Multi-ISC Cask 
(MISC) 


Material-Handling Alternatives and Preferred Approaches 


Material-handling alternatives were considered for both (1) removal of irradiated fuel, which 
focused on the three cask alternatives (loaded or unloaded) being moved into and out of the 
NRIC-LOTUS test bed via the NRIC-LOTUS test bed equipment access tunnel for the ultimate 
transfer to the IFSSF and  
(2) the three material types identified above (other radioactive materials). The alternatives 
included wheeled carts, air pallets, skidding systems, gantry cranes, and forklifts. Evaluation 
criteria were developed and used in conducting trade studies for the three cask options and the 
three categories of other radioactive materials. The preferred alternatives for each are 
summarized below. 
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Table ES-1. Preferred Alternatives for Material Handling and Transport 


Material Stream Preferred Alternative Justification 
HFEF-5 
LTC 
MISC 


Low-Profile Forklift All three cask alternatives are designed for forklift 
transport. A forklift can transfer all cask alternatives 
directly to the IFSSF with no interim handling required. 


Flush Salts (in rack) Low-Profile Forklift Flush salts will likely be transported in a rack or a waste 
container, with multiple containers reducing the number of 
trips to the IFSSF. The rack is designed for forklift transport. 


Large/Heavy 
(>5 tons) Reactor 
Components 


Skidding System or 
Wheeled Cart 


The reactor vessel/other components are assumed to be 
dimensionally large and heavy loads. If the height of 
component is not limiting, then wheeled carts are viable 
for large heavy loads. 


Smaller (<5 tons) 
Components 


Low-Profile Forklift Assumes that there will be many low-level waste (LLW) 
components small enough to fit in standard INL waste 
containers. These containers are designed for forklift 
transport. 


 
 
Concept of Operations 


A high-level concept of operations was developed for each of the three cask alternatives for 
irradiated fuel removal and for the three types of other radioactive materials. The concept of 
operations for all six material streams are described in this report in terms of actions associated 
with both preparations and operation. This information was entered into Innoslate. The 
following example is the CONCEPTS OF OPERATIONS for fuel removal using the MISC.  


Figure ES-3. Process Flow for MISC Storage Option 
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Trade Study Results for Fuel Removal, Three Cask Options, Preferred Approach 


Eight criteria were initially identified as potentially discriminating factors for evaluating and 
analyzing differences among the three operational approaches for irradiated fuel removal. 
Following discussion and collaboration with INL, a ninth criterion was added, “Flexibility for 
Future Demonstration Reactors.” 


The evaluation criteria used were the following: 


• Affordability - Operating Costs 


• Affordability - Capital Costs 


• Active Transfer Time to IFSSF 


• Complexity of Concept of Operations 


• Safety Considerations 


• Security Requirements 


• Compatibility with IFSSF 


• Availability of Equipment 


• Flexibility for Future Demonstration Reactors 


Timing and motion studies for operations involving loading and transporting casks were 
completed. These studies supported cost estimates and provided perspective when assessing 
the criteria for each alternative. The results from the analyses are presented in the following 
table showing both the raw and weighted scores. 
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Table ES-2. Evaluation Results from the Trade Study 


 
 


Evaluation Criteria 


 
 


Weighting 


HFEF-5 
Transfer Cask 


 


Score 


LTC 
Transfer Cask 


 


Score 


MISC Transfer & 
Storage Cask 


 


Score 
 


Affordability - 
Operating Costs 


1.5 1.0 4.0 5.0 


 


Affordability –  
Capital Costs 


1.5 5.0 3.0 1.0 


 


Active Transfer Time to 
IFSSF 


1.0 1.0 4.0 5.0 


 


Complexity of Concept 
of Operations 


1.0 3.3 2.8 3.5 


 


Safety Considerations 
1.0 2.5 2.0 3.5 


 


Security Requirements 
(Costs Only) 


2.0 2.0 5.0 5.0 


 


Compatibility with 
IFSSF 


1.0 2.5 2.5 3.5 


 


Availability of 
Equipment 


1.0 5.0 4.5 4.0 


 


Flexibility for Future 
Demonstration 
Reactors 


1.0 4.0 2.5 2.8 


     
Raw Score  26.3 30.3 33.3 
Weighted Score  31.3 38.8 41.3 


 


The overall results indicate the following: 


• The MISC transfer and storage cask is the preferred approach of the three options if the 
MISC is also used as the storage unit in the IFSSF. 


• The results show reasonable discrimination among the three options, particularly when 
comparing the weighted scores. 


• The principal factor that drives this recommended approach is the capability of the 
MISC to hold seven ISCs, which offers several advantages relative to efficiency and cost. 
From an operational standpoint, closure operations for only four MISC storage casks are 
required for the expected number of 28 ISCs. 
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• The LTC has many of the same advantages of the MISC and would be a good option as 
well for a vault type IFSSF. The LTC scores slightly less than the MISC across several of 
the criteria because it transfers only five ISCs using a pallet system versus seven for the 
MISC. 


• Besides the difference in ISC capacity, the MISC holds an advantage over the LTC in that 
it is a transfer and storage cask, which may offer advantages for a given IFSSF design 
resulting in a possible reduction in security costs for the IFSSF (See Figure ES-4). 


• The HFEF-5 Cask capital costs are essentially zero since INL has two and plans to 
procure more; however, 
there is a significant 
difference in operational 
costs for transferring 28 ISCs 
one at a time to the IFSSF 
using the HFEF-5 versus four 
trips with the MISC and six 
with the LTC. The estimated 
operational cost savings for 
the MISC and LTC over the 
HFEF-5 are estimated at 
approximately $1.6 M and 
$1.4 M, respectively. The 
estimated capital costs, 
excluding design, engineering, 
testing, etc., for one MISC are 
higher than for one LTC, 
approximately $290 K versus 
$36 K. The concept of 
operations developed assume that four MISCs or ten LTCs are needed. 


• While all three casks offer flexibility for other fuel salt types, the HFEF-5 is more flexible 
than either the LTC or MISC in terms of handling other fuel types with taller fuel 
elements and higher burnups. Use of either the LTC or MISC for other fuel types would 
require significant modifications. 
 


Note that both the MISC and LTC are expected to be designed to meet INL and DOE safety 
criteria, but no formal licensing is anticipated since these casks are only expected to be used for 
onsite transfer from the NRIC-LOTUS test bed to the IFSSF. 


Key Assumptions and Risks 


Overall, preparations for the first NRIC-LOTUS test bed demonstration reactor are still in the 
early stages. The first reactor expected to go into the NRIC-LOTUS test bed is in the conceptual 
design process. Consequently, several factors have the potential to affect the preferred 
approaches (recommendations) presented in this report. Assumptions were made in some 
cases based on limited information. This report briefly discusses some of the risk factors that 
may impact these preferred approaches moving forward. 


. Loading ISCs into MISC Figure ES-4 Loading ISCs into MISC 
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Summary 


All three operational approaches evaluated, including the HFEF-5, for fuel removal and transfer 
to the IFSSF are considered feasible. Based on the ultimate IFSSF design selected, the LTC 
design would be more preferred approach with a vault design whereas the MISC would be the 
preferred approach for an IFSSF designed to take advantage of its transfer and storage 
capabilities. 
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1 INTRODUCTION 
This report provides results from evaluations of options for removing irradiated fuel and other 
radioactive materials from the National Reactor Innovation Center’s Laboratory for Operation 
and Testing in the United States (NRIC-LOTUS) test bed. The NRIC-LOTUS test bed is located at 
Idaho National Laboratory (INL) to support testing of advanced reactors fueled by highly 
enriched uranium (HEU) fuels. INL’s objective is to provide industrial partners with testing 
capabilities that will enable the deployment of advanced reactor demonstration projects in the 
next 5 to 7 years.   


INL is developing two test beds: (1) NRIC-LOTUS test bed, which is the focus of this report, and 
(2) the Demonstration and Operation of Microreactor Experiments (DOME) test bed for 
microreactors. The currently planned reactor types for the NRIC-LOTUS test bed are molten salt 
reactors (MSRs) in which the fuel is dissolved in a molten salt and consists of either HEU or 
plutonium (Pu) fuel (i.e., facility with an increased security posture) that will remain on INL 
property following its removal. Note that the NRIC-LOTUS test bed is located with INL’s 
Materials & Fuels Complex (MFC) and is surrounded by a Perimeter Intrusion Detection and 
Assessment System (PIDAS). 


To support the operation of demonstration reactors in the NRIC-LOTUS test bed, it must be 
possible to remove irradiated fuel salt and other radioactive materials from the NRIC-LOTUS 
test bed after the reactor experiment has been completed.  


1.1 Purpose and Objectives 
The purpose of the work is to support the development and deployment of advanced reactors 
using the NRIC-LOTUS test bed as a test bed for reactor demonstrations that require a facility 
with an increased security posture, starting with molten salt demonstration reactors. More 
specifically, this work serves to ensure that, subsequent to reactor operations, deactivation and 
decommissioning (D&D) of the reactors can be completed within the NRIC-LOTUS test bed 
envelope (spatial limits) and NRIC-LOTUS test bed requirements.  


Three essential activities for successfully accomplishing this removal involve the following: 


1. Developing concept of operations that describe and guide the removal process.  
2. Identifying and establishing the interfaces between the NRIC-LOTUS test bed, 


demonstration reactor, and other INL facilities [including the planned Irradiated Fuel 
Salt Storage Facility (IFSSF)] and supporting the removal of irradiated fuel salt, flush salt, 
and other radioactive materials from the NRIC-LOTUS test bed test. Establishing these 
interfaces will ensure that the concept of operations and accompanying interface 
requirements can be effectively deployed for D&D activities. 


3. Developing requirements for the interfaces, including functional and operational 
requirements that support the removal of the irradiated fuel salt and other radioactive 
materials. 
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The objective of the work as described in this report is to develop high-level concept of 
operations for removing irradiated fuel salt and other radioactive materials from the NRIC-
LOTUS test bed after evaluating alternatives and conducting trade studies for accomplishing 
these removal operations. Ultimately, the objective is to identify and recommend an approach 
for the removal of the irradiated fuel and other radioactive materials.  


Note that the focus for the development of concept of operations is on the first demonstration 
reactor planned for the NRIC-LOTUS test bed but does not necessarily preclude future 
demonstrations. 


1.2 About This Report 
This report responds to SOW-19156, “[NRIC-LOTUS test bed] Removal of Irradiated Fuel and 
Other Radioactive Materials.” It provides an understanding of the NRIC-LOTUS test bed facility 
overall and the specific operations associated with the handling/removal of the irradiated fuel 
salt and other radioactive materials. This report also presents the following: 


• Development of design concepts for two cask alternatives to the Hot Fuel Examination 
Facility (HFEF)-5 Cask. Results from an alternative analysis of these three cask options 
are presented. 


• Categorization of the non-fuel or other radioactive materials into three groups: 


o Flush salt, 


o Large/heavy reactor components, and 


o Standard-size INL containers for all other radioactive materials. 


Alternative analyses were conducted on removal options for the above noted three groups of 
radioactive materials based on those alternatives identified in Section 5. Overall, the report 
focuses on the following: 


• Development of concept of operations for the above noted six removal process streams: 
the three cask options and the three “other radioactive material” groups. 


• Results from an initial trade study evaluating the concept of operations for the three 
cask alternatives.  


• Identification of initial recommendations for a preferred concept of operations for all six 
process streams. 


INL’s D&D report (Ref. 1) and ongoing verbal communications with INL provide the basis and 
reference material for performing this work. 


Section 2 presents the initial set of requirements for D&D activities for the NRIC-LOTUS test 
bed. Presented first is a set of “mission requirements” and associated assumptions followed by 
sets of (a) General Requirements, (b) potentially applicable DOE Orders, (c) regulatory 
requirements of possible interest, (d) irradiated fuel salt removal requirements, (e) other 
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radioactive material (non-fuel salt)–related requirements, and (f) presentation of an example 
format in which these requirements will be put prior to entry into the Dynamic Object-Oriented 
Requirements System (DOORS). 


Note that this initial set of requirements needs to be reviewed for applicability to the final 
recommendations for concept of operations for the six process streams and subsequently 
entered in DOORs along with the system-level interfacing requirements should the D&D 
planning activities continue. Both activities were to be performed and included in the next 
version of this report. These activities would be performed next if this project were to be 
resumed. 


Section 3 of this report describes and compares the three cask options for irradiated fuel 
removal that were evaluated. A brief overview of the concept of operations for loading the 
irradiated fuel salt into the casks is provided as well (a more detailed discussion is provided in 
Section 6). This section also discusses the bases for identifying the three cask options and 
identifies other alternatives considered but rejected early in the alternative analysis process. 


Section 4 discusses the material-handling issues for the three categories of “other radioactive 
material”— (1) flush salt, (2) large, heavy reactor components, and (3) standard-size INL 
containers for all other radioactive materials. 


In Section 5, alternatives for removal are identified and evaluated for all six process streams 
starting at the inner door of the NRIC-LOTUS test bed Equipment Access Tunnel (tunnel) at the 
loading platform. The advantages and disadvantages of a variety of material-handling 
equipment are presented. Initial, preferred recommendations for removal starting at the 
loading platform are presented. 


Section 6 describes and lists the full concept of operations for each of the six process streams. 
Tables and flowcharts are included that provide more detailed information on the operations 
and activities for each. Section 6 essentially combines the information in Sections 3 and 5 to 
provide a complete picture of concept of operations for handling: 


(1) irradiated salt containers (ISCs) out of the hot cell, loading them into a cask, and 
transporting through the tunnel to the IFSSF and 


(2) the three categories of other radioactive materials as packaged by the reactor demonstrator 
and INL for removal starting at the inner door of the tunnel and transport through the tunnel to 
a storage site as designated by INL. 


Section 7 focuses on the process for and results from the trade study performed to identify the 
initial, preferred alternative for fuel removal among the three cask alternatives. Results from 
timing studies and cost estimates are presented. Evaluation criteria were identified and 
employed to assess the three cask alternatives. Based on the initial results from the trade 
study, preferred alternatives for the concept of operations for irradiated fuel removal are 
presented. 


Section 8 identifies some potential risk factors that may impact the recommendations on 
preferred alternatives as presented in this report based on assumptions made at this time given 







 


 BGS-BEA-TR-01 September 2022 - 19 
   
 


Removal of Irradiated Fuel and Other Radioactive Materials: Options and  
Trade Studies for LOTUS Test Bed 


that the overall process in preparing for the first NRIC-LOTUS test bed demonstration reactor is 
still in the early stages. 


A list of references is provided in Section 9 while a “Glossary of Terms” is included in Section 10. 


 


 


 


This report includes four appendices: 


1. Appendix A, Technical Evaluation of Preliminary for Plans for Removal of Irradiated Fuel 
Salt and Other Radioactive Material from the NRIC-LOTUS test bed, presents results of a 
technical evaluation performed on the concept of operations presented in Ref. 1.  


2. Appendix B, Standard INL Waste Containers, presents a compilation of the dimensions 
for standard INL waste containers. 


3. Appendix C, Total Cycle Time for Reactor Demonstration, presents the results of a 
preliminary study looking at the total cycle time for a reactor demonstration in the 
NRIC-LOTUS test bed and serves to document this work. 


4. Appendix D, Cask Options Scoring Detailed Analysis, presents results from the analysis of 
the three concepts  of operations for irradiated fuel removal. Note: Immediately 
following Table D-1 in Appendix D is an embedded Excel file that contains the same 
information as presented for further use or viewing by the reader. 


 







 


 BGS-BEA-TR-01 September 2022 - 20 
   
 


Removal of Irradiated Fuel and Other Radioactive Materials: Options and  
Trade Studies for LOTUS Test Bed 


2 REQUIREMENTS DEVELOPMENT  
Note that this initial set of requirements is derived from Ref. 1 and was reviewed for 
applicability to the final recommendations for concept of operations for the six process 
streams. If the D&D activities are pursued, the updated list needs to be entered in DOORs, 
along with the system-level interfacing requirements.  


2.1 Mission Requirements and Assumptions 
Mission requirements include the following: 


1. Following completion of a MSR experiment, the NRIC-LOTUS test bed shall provide the 
capability to remove irradiated fuel salt to a designated IFSSF onsite at INL, remove flush 
salt (final disposition as waste to be determined from sampling), and remove other 
radioactive materials from the NRIC-LOTUS test bed facility to a designated waste storage or 
disposal facility.  


2. The reactor module shall be defueled within the NRIC-LOTUS test bed due to nuclear safety 
and security considerations.  


Principal assumptions include the following: 


1. The reactor developer shall be responsible for developing the reactor defueling system.  


2. The points at which the NRIC-LOTUS test bed shall interface with the first reactor developer, 
the D&D activities are (1) the reactor defueling system after the irradiated fuel salt is loaded 
into the ISC and (2) after the reactor developer has disassembled and packaged 
components and other radioactive wastes within the NRIC-LOTUS test bed. This interface 
must be re-negotiated with each subsequent reactor vendor. 


2.2 General Requirements  
1. The irradiated fuel shall be removed from the facility prior to removal of the flush salt or 


any reactor components or supporting equipment. 


2. The NRIC-LOTUS test bed D&D systems, infrastructure, and operations shall provide 
capabilities to perform D&D focusing on the first reactor experiment but not precluding 
subsequent experiments for other liquid-fueled MSRs. 


3. The NRIC-LOTUS test bed D&D systems and infrastructure shall fit within the test bed spatial 
envelope. 


4. NRIC-LOTUS test bed shall provide appropriate radiation shielding and containment for the 
NRIC-LOTUS test bed D&D activities and operations to limit worker radiation exposure.  


5. The NRIC-LOTUS test bed shall provide handling and transfer capabilities for the loaded 
irradiated salt cask, the flush salt containers (FSCs), and the other radioactive material 
containers from within the NRIC-LOTUS test bed containment, through the NRIC-LOTUS test 
bed tunnel, and then to the designated irradiated salt or waste storage facilities onsite at 
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INL. The following requirements (a–d) are aligned with the DOORS requirements given in 
Table 2-1.  


a) The loaded cask or radioactive waste container plus conveyance shall not exceed 12 ft 
6 in. high x 12 ft 6 in. wide x 20 ft 0 in. long, based on the NRIC-LOTUS test bed 
Equipment Access Tunnel dimensions of 13 ft 0 in. high x 13 ft 0 in. wide and the INL 
Design Team requirements loaded into DOORS. 


b) The loaded cask or radioactive waste containers shall not exceed 30 tons. 


c) The loaded cask or radioactive waste containers plus conveyance shall not exceed the 
tunnel floor load limit To Be Determined (TBD) lb/ft2 (psf). Note: Initial Requirement 
22653 states that the Equipment Access Tunnel floor capacity is to be 3,000 psf. 


d) The loaded cask with loading platform (if any) or the radioactive waste containers shall 
not exceed the NRIC-LOTUS test bed containment [Zero Power Physics Reactor (ZPPR)] 
floor load limit TBD psf. NOTE: Requirement 51327 states the Main Reactor Cell Floor 
capacity is to be 3,000 psf. 


Table 2-1 presents examples of requirements for material handling. 


Table 2-1. NRIC-LOTUS Test Bed DOORS Requirements for Material Handling 


No. Title Requirement Comment 
22650 MH: Reactor 


Module Bounding 
Dimensions 


For access and handling in the NRIC-LOTUS 
test bed  cell, the bounding exterior 
dimensions for the reactor module (inclusive 
of shipping such as shielding and skidding 
components) shall be [12 ft 6 in. wide x 12 ft 
6in. tall x 20 ft 0 in. long] 


Reactor modules must be able to fit into 
the cell and be compatible with the 
lifting system configurations 


23922 MH: Skidding 
System Capacity 


The skidding system shall be capable of 
moving equipment weighing up to [30] tons 


This is the bounding weight requested by 
site in RFI-SGC1TB-015 


22653 LC: Load Capacity 
of Tunnel Floor 


The equipment access tunnel floor shall have 
a capacity of [3,000] psf to support the 
modules skidding system. 


The access tunnel should have sufficient 
capacity to be able to move the vendor 
equipment into and out of the cell. 


41640 LC: Concentrated 
Load Capacity of 
Tunnel Floor 


The equipment access tunnel floor shall have 
a capacity for [TBD] concentrated load over a 
[TBD] ft by [TBD] ft area. 


The access tunnel should have sufficient 
capacity to be able to move the vendor 
equipment into and out of the cell. Floor 
load design should consider both 
distributed load and concentrated load. 


51328 MHS: Load 
Capacity for Steel-
Frame Floor 


The selected Material-Handling System 
components shall be configured such that 
they limit loading to the NRIC-LOTUS test bed 
cell steel-frame floor as analyzed in ECAR-
1670 


Material-Handling Systems loads need to 
be consistent with steel frame capacities. 


51327 MHS: Load 
Capacity for Cell 
Floor and 
Equipment Access 
Tunnel Floor 


The selected Material-Handling System 
components shall be configured such that 
they limit loading to 3,000 psf and [TBD] 
concentrated load on the NRIC-LOTUS test 
bed cell concrete floor and equipment access 
tunnel floor. 


Material-Handling Systems loads need to 
be consistent with tunnel and cell floor 
capacities. 
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6. NRIC-LOTUS test bed D&D process shall take advantage of the existing NRIC-LOTUS test bed 
and INL equipment and infrastructure to the extent possible.  


7. NRIC-LOTUS test bed D&D systems, infrastructure, and operations shall be designed and 
developed to meet all nuclear safety and safeguards requirements. 


8. NRIC-LOTUS within the ZPPR Test Bed (ZTB) Facility D&D will be performed by the MFC D&D 
dedicated crew and will perform work tasks under the current MFC work control 
procedures and in accordance with the various potential user’s Waste Management Plan. 


2.3 DOE Orders 
Table 2-2, DOE Orders, lists the possible DOE orders that may apply. 


Table 2-2. DOE Orders 


Reference # Title 


DOE O 413.3A Program and Project Management for the Acquisition of 
Capital Assets  


DOE O 420.1B Facility Safety (nuclear facilities designed and constructed 
to protect against nuclear hazards) 


DOE O 420.1C Facility Safety (nuclear safety design and criticality safety) 


DOE O 435.1 Radioactive Waste Management  


DOE Policy 450.4 Safety Management System Policy   


DOE O 450.1A Environmental Protection Program   


DOE O 460.1C Packaging and Transportation of Radioactive Materials 


DOE O 474.2 Nuclear Material Control & Accountability  


DOE M 460.2-1A Radioactive Material Transportation Practices Manual 


DOE M 470.4-2A Physical Protection (includes special nuclear material) 


2.4 Regulatory Requirements 
Table 2-3 lists the Code of Federal Regulations that may be of interest. NRIC-LOTUS test bed 
and its operations will not be licensed per federal regulations. However, examining the 
applicability of these regulations to the NRIC-LOTUS test bed is advisable. Potentially, the intent 
of these federal regulations may be included in “owner requirements” for NRIC-LOTUS test bed 
operations. 
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Table 2-3. Code of Federal Regulations 


Reference #  Title 


10 CFR 20  Standards for protection against radiation - Permissible 
dose levels and activity concentrations in restricted and 
unrestricted areas   


10 CFR 50, Appendix I  Numerical dose guidelines for meeting as low as 
reasonably achievable (ALARA) criterion for power reactor 
effluents   


10 CFR 70 Domestic Licensing of Special Nuclear Material 


10 CFR 71  Packaging and Transportation of Radioactive Materials 


10 CFR 73   Physical Protection of Plants and Materials   


10 CFR 74   Material Control and Accounting of Special Nuclear 
Material   


10 CFR 75   Safeguards on Nuclear Material – Implementation of 
US/IAEA Agreement   


10 CFR 95   Security Facility Approval and Safeguarding of National 
Security Information and Restricted Data   


10 CFR 100   Reactor site criteria - Numerical dose guidelines for 
determining the exclusion area boundary, low population 
zone, and population center distances   


10 CFR 830 Nuclear Safety Management 


10 CFR 835  Occupational Radiation Protection  


10 CFR 851   Worker Safety and Health Program   


29 CFR 1910  Occupational Safety and Health Standards, Subpart H – 
Hazardous Materials   


40 CFR 50-99  Clean Air Act   


40 CFR 100-149  Clean Water Act   


40 CFR 1502   Environmental Impact Statement   


EPA – 520/1-75-001  Protective Action Guide Doses for Protective Actions for 
Nuclear Incidents   


47 CFR 4707   Accident Radioactive Contamination of Human Food and 
Animal Feed; Recommendations for State and Local 
Agencies   


49 CFR 173   Shippers – General Requirements for Shipments and 
Packagings (requirements for preparing hazardous 
materials for shipment including radioactive materials) 
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2.5 Irradiated Fuel Salt Removal 
The following list of requirements are described in Ref. 1 regarding use of inner and outer 
canisters using the HFEF-5 Cask. 


1. The reactor developer defueling system and NRIC-LOTUS test bed D&D capability shall be 
compatible.   


a) The ISC and canister in which the ISC is placed shall be compatible with the transfer 
cask.  


2. The INL HFEF-5 Cask (Onsite Transfer Cask) is to be evaluated for the removal of irradiated 
fuel from the NRIC-LOTUS test bed either in a top-loading or a bottom-loading setup.  


a) The fit of nested containers, e.g., ISC in a possible inner container (IC), within an outer 
container (OC), the OC in the HFEF-5 Cask, shall have sufficient radial clearance for ease 
of loading and thermal expansion but shall be small enough to limit secondary impact in 
event of a drop accident. (NOTE: A diametral gap of about 0.5 in. and an axial gap of 
about 1 in. can serve as initial estimates [TBV].) 


b) Loading the OC into the HFEF-5 Cask shall be accomplished with the overhead polar 
bridge crane. 


i) For top loading the OC into the HFEF-5 Cask, the polar bridge crane maximum hook 
height shall be sufficient to directly load the OC into the cask or indirectly by 
lowering the cask into the primary reactor pit to create additional hook clearance.  


ii) For bottom loading the OC into the HFEF-5 Cask, the cask shall be stationed above 
the reactor pit to allow sufficient access for bottom loading.  


iii) If the NRIC-LOTUS test bed polar crane hook height is not sufficient for direct 
loading, space in the reactor pit shall remain clear for the top or bottom loading 
setup. NOTE: the polar crane centerline of the hoisting hook is 3 ft 3.75 in. from the 
ZPPR wall. All polar crane movements must be within the limited reach. 


iv) If the HFEF-5 Cask must be raised and lowered, the loading platform and lifting 
mechanism shall be designed to TBD standard.  


v) The loading platform and lifting mechanism or fixed loading platform structural 
design should comply with TBD standard, including seismic stability to (insert seismic 
spectra at the NRIC-LOTUS test bed), and the HFEF-5 Cask or other transfer/storage 
cask alternatives shall be restrained if needed such that it remains on the platform 
under a design basis earthquake.  


Possible requirements considered for alternatives to the HFEF-5 Cask (e.g., the INL HFEF-14 
Cask or new transfer cask) for irradiated fuel removal as well as a cask that can transfer and be 
potentially used to store as many as seven irradiated salt containers (MISC) include the 
following: 


a) If possible, the MISC shall be designed for direct loading from the overhead polar crane, 
not requiring lowering the MISC into the reactor pit. 
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b) The MISC located on the loading platform shall be designed for ease of integration into 
the IFSSF with the aim to simplify operations, reduce the number of material transfers, 
and accommodate future sampling or reuse.  


c) The MISC shall be designed in accordance with applicable standards for seismic stability, 
contamination control, radiation shielding, nuclear material control and accountability, 
criticality safety, special nuclear material safeguards and security, and DOE onsite 
transfers and storage.  


d) Additional design requirements for the outer container and a multi-container cask shall 
be specified under the fuel storage system. 


e) The configuration at the time the OC or multi-container cask is closed shall include 
sufficient shielding for manual closure operations. Maximum dose rate at the center of 
the lid and side of the transfer cask shall be less than 200 mrem/hr. 


2.6 Reactor Components and Support Equipment 
1. Waste containers shall be provided that do not exceed the size and weight limitations of the 


NRIC-LOTUS test bed equipment access tunnel and the NRIC-LOTUS test bed containment 
floor (see requirements in Table 2-1, NRIC-LOTUS Test Bed DOORS Requirements for 
Material Handling, of Section 2.2).   


2. Waste containers shall provide sufficient shielding to meet the requirements for As Low As 
Reasonably Achievable (ALARA) closure operations, onsite transfer, onsite storage, or offsite 
transportation under 49 CFR 173 and associated hazardous materials transport regulations. 


3. Waste containers shall be sized for their anticipated outer packaging, including eventual 
Type A packaging if the waste will first be placed in a storage packaging for onsite decay to 
below A2 activity. 


4. Waste containers shall include a means of transfer into a waste storage container and, after 
any necessary time for decay, from the storage container into a transport packaging.  


5. Waste containers for offsite shipment shall meet the requirements for IP-1, IP-2, and Type A 
packaging per 49 CFR 173 as appropriate to the waste characterization. 


6. A means shall be provided to transfer waste containers into the NRIC-LOTUS test bed 
through the equipment access tunnel and to remove loaded containers through the same 
tunnel to either an onsite storage location or to a location for transfer to a vehicle for offsite 
transport under 10 CFR 71 and 49 CFR 173. 


7. A means for staging, lifting, and loading of waste containers shall be provided at the inner 
end of the NRIC-LOTUS test bed tunnel. These could include, for example, a platform at the 
level of the tunnel, and a crane with the necessary capacity, travel, spreaders, slings, etc.  


8. Container closures are expected to be bolted rather than welded. As noted above, 
container shielding should be sufficient to permit hands-on bolting. 


9. Space and weight limitations inside the NRIC-LOTUS test bed containment may make it 
impractical to load the cargo containers, should they be required, inside containment. In 
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this case, the smaller containers would be loaded, closed, and if necessary sealed, and then 
transferred through the tunnel. They would be loaded into the cargo container outside the 
NRIC-LOTUS test bed facility using a mobile crane for top loading or a forklift for end loading 
containers. 


2.7 Format for Final Requirements 
Note that prior to these requirements being loaded into DOORS, they should be formatted as 
those presented in Section 6 of Ref. 1 and consistent in format with those being prepared for 
the design of the IFSSF. The format shall have a requirement ID, requirement statement, and 
rationale for the requirement as indicated below. 


[REQ ID# XXX] SGC1TB shall have the ability to … 


Rationale: 
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3 IRRADIATED FUEL REMOVAL PREPARATIONS - 
CASK ALTERNATIVES AND CONCEPT OF 
OPERATIONS 


Preparing irradiated fuel for removal starts with unloading the ISC, as performed by the reactor 
vendor, from the hot cell and placing it in the cask for transfer to the storage facility. Methods 
for transfer are discussed in Section 5. 


The three concepts of operations presented in this report deviate in two respects from the 
description in Ref. 1.  


• Two containers (inner and outer) do not surround the ISC—only one OC. The ISC in the 
OC (ISC/OC), or the ISCs in the storage cask, comprise the unit of storage. 


• There is no temperature or water-sensing instrumentation and no heater for the OC or 
the MISC storage cask. Seal monitoring may be required to prevent moisture ingress. 
Otherwise, the storage container should be designed for completely passive storage as 
with commercial spent fuel and designed to be retrievable from the storage facility 
later. 


These recommendations are based on the practices for spent fuel dry storage under 10 CFR 72. 
The ISC forms the first fission product barrier, analogous to the role of cladding in dry storage of 
LWR fuel. The OC or the MISC storage cask provides the second fission product barrier, 
analogous to the spent fuel dry storage cask or welded canister in commercial spent fuel dry 
storage. 


In the context of the NRIC-LOTUS test bed facility prior to reactor disassembly, the following 
were the bases for not including the intermediate can: 


• Not needed to prevent contaminating the outside surface of the storage unit based on 
the availability of contamination control features for docking a single container to a hot 
cell. 


• Addition of such a can would likely have some negative effects. 
o Impede heat removal 
o Add closure operations and worker exposure, or alternatively require complex 


remote operations to avoid such exposure 
• Add significantly to the outer diameter of the storage unit if both the intermediate can 


and the outer can are bolted and have sealed closures that require thick walls or flanged 
top ends, rather than welded closures. 


Penetrations through the confinement boundary for instrumentation, heaters, etc., should be 
avoided as these create a weak point in the confinement system. If required, monitoring for 
leakage can be accomplished by radiation monitoring of vault storage pits, or by an 
overpressure system on a storage cask.  
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It is anticipated that similar operations will be conducted to remove any flush salt used by the 
reactor developer in “cleaning” the reactor system after the irradiated fuel is removed. It is 
assumed that this flush salt will be put in a flush salt container (FSC) similar to the ISCs, then 
placed in a secondary container (Flush Salt Secondary Container, FSSC) as it is unloaded from 
the hot cell, and then transferred out of the NRIC-LOTUS test bed in a rack. The criticality safety 
and shielding requirements will be much lower for the flush salt than for the irradiated fuel 
salts. It is anticipated that the flush salt containers will be eventually disposed of as waste 
outside the PIDAS after sampling the first, middle, and last containers to confirm that they are 
not materials that require an increased security posture. Until confirmation, the Safeguards and 
Security requirements assume specific material requiring an increased security posture. In the 
meantime, the most economical way to temporarily store the approximately 28 containers 
securely may be to hold them in the NRIC-LOTUS test bed facility in racks under proper security 
protection. If this is not feasible, they would have to be transferred to the IFSSF for temporary 
storage. It is also anticipated that the initial charge of clean (nonradioactive) flush salt used for 
conditioning the reactor systems prior to loading of fuel salt will be stored in a drain tank onsite 
for later use as the flush salt. This clean salt handling is not addressed in this report. 


3.1 Selection of Three Cask Alternatives for Evaluation 
Three initial concepts of operations were considered for “fuel loading and transfer” in NRIC-
LOTUS. Two concepts, bottom loading of the HFEF-5 Cask and top loading of the HFEF-5 Cask, 
were based on the operations as described in Ref. 1, in which loaded irradiated fuel containers 
are removed from the NRIC-LOTUS test bed and ultimately taken in a cask to onsite storage. 
The third concept is based on top loading of a cask that might hold multiple irradiated fuel 
containers. Such a concept might serve both to transfer the fuel from the NRIC-LOTUS test bed 
and be a primary storage container on site at the planned IFSSF. This approach is similar to 
commercial spent fuel dry storage and could be either a thick-walled cask with a bolted lid and 
metallic seal or a thin-walled welded canister with a ventilated concrete overpack. 


These three initial concepts have been revised. The description and justifications are described 
below:  


1. Bottom-Loaded HFEF-5 Cask option has been retained. 


a. Top Loading of the HFEF-5 Cask was eliminated due to  


i.  Higher risk for suspended loads 


ii.  Shielding pig with lift capability required 


iii. Combination of crane hook height and height of HFEF-5 limits height above the 
HFEF-5. Either the ISC/OC would need to be shorter, holding less salt and 
requiring more transfers, or the HFEF-5 would have to be lowered after entering 
the test bed. The HFEF-5 empty weight exceeds the polar crane capacity, and a 
jacking system would be required to lower it for loading and raising it after 
loading. 
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b. Additional work and 3-D modeling on the concepts for the ISC in the OC and then 
transferred in a shielded pig for bottom loading show that this can be accomplished 
with the HFEF-5 Cask on a platform at the elevation of the tunnel floor, as shown in 
Figure 3-1. 


 


Figure 3-1. Forklift Loading HFEF-5 Cask on Platform 


2. Top-Loaded Light Weight HFEF-5-Type Cask 


a. This is a new cask design referred to as the Light Transfer Cask or LTC. 


b. The LTC can be much shorter than the HFEF-5 and designed to accommodate the 
height of the ISC/OC. 


c. The LTC diameter, which is driven by shielding for radiation protection, can be less 
than the HFEF-5 based on the predicted radiation protection needed. 


d. The LTC can be designed with a bottom sliding shield gate for bottom unloading the 
ISC/OC into storage pit loadings. 


e. The overall height of the LTC would allow direct top loading of the ISC/OC into the 
LTC positioned below the hot cell. 


f. The current concept for the LTC loaded with the ISC/OC does not exceed the polar 
bridge crane capacity and can be lifted directly to the loading platform for transfer 
out through the tunnel. 
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g. Transfer of multiple LTCs at one time may be possible in a transfer rack that can be 
handled by a forklift. 


3. Top-Loaded MISC Transfer & Storage Cask 


a. This is a new cask design that was one of the initial options. 


b. It has been designed for dual purpose as a transfer cask that can also serve as a 
storage cask in the storage facility. 


c. It is designed for seven ISC/OCs in a criticality safe configuration. 


d. The fully loaded weight can be handled with a low-profile forklift. 


e. It is short enough to allow top loading from a shielded transfer pig with a sliding 
bottom gate. Risk of suspended load needs to be mitigated. 


A fourth concept that was considered is the use of the HFEF-14 Cask. The HFEF-14 Cask option 
was eliminated due to the height restrictions in transport through the tunnel. Specifically, the 
HFEF-14 Cask is 149.37 in. or 12 ft 5.37 in. in height, leaving only 0 ft 6.63 in. of clearance in the 
13 ft 0 in. high tunnel. 


All three concepts assume the ISC design as provided by the reactor developer to INL. This ISC 
concept consists of 8-in. schedule XXS Inconel 625 pipe (6.87-in. ID, 8.62-in. OD) with a 
hemispherical bottom and torospherical top head. With top and bottom skirts, the overall 
height is 45 in., and loaded with 48 kg of salt it weighs about 522 lb. When solidified, the salt at 
4 g/cm3 fills a little less than half the internal height. Twenty-eight ISCs will be required for the 
total reactor fuel inventory of 1300 kg. The inner ISC diameter is limited to a maximum of 
7.25 in. so that flooded or oxidized fuel salt will remain sub-critical. A key assumption for 
shielding analyses is the nominal burnup of 10 kWt for 1000 hr. While maximum reactor power 
is only limited to 500 kWt, many zero-power and low-power runs are expected, per the reactor 
demonstrator, thus reducing the overall burnup. The ISC is shown in several of the following 
cask figures. 


Dose rate calculations for the LTC, transfer pigs, and the MISC cask are provided in Appendix E 
of Ref. 2.  


3.2 Bottom-Loaded HFEF-5 Transfer Cask Option 
This option is the baseline as originally conceived by the INL-NRIC-LOTUS project team in Ref. 1. 
In this option, INL’s HFEF-5 Cask is used to transfer an ISC inside an OC to an indoor open vault 
IFSSF. The OC, which comprises the storage unit, is transferred from the hot cell to the HFEF-5 
in a transfer pig that remains inside the NRIC-LOTUS test bed containment. The OC is a steel 
cylinder with lid that is bolted and sealed with a spring-energized metal c-ring. The OC lid 
contains a port for evacuation, helium leak testing, and inert gas backfill. The transfer pig is a 
simple open top steel cylinder with no lid lifting lugs needed for handling. Figure 3-2 shows the 
ISC/OC inside the transfer pig, and Table 3-1 provides dimensions and materials for both. Figure 
3-3 shows the HFEF-5 Transfer Cask. 
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Figure 3-2. HFEF-5 Transfer PIG with ISC/OC 


Table 3-1. Materials and Dimensions of the OC and HFEF-5 Transfer Pig 


Outer container (OC) 
ID 9.00 in. 
Wall thickness 1.75 in. 
Bottom thickness 1.50 in. 
Shield plug thickness 4.00 in. 
Lid thickness 2.00 in. 
Interior height 45.5 in. 
Exterior height 53.0 in. 
Materials Stainless steel body, lid and port plug; carbon steel shield plug; low 


alloy steel bolts; lid seal and port seal silver plated c-ring 
Alternate body low alloy steel with stainless overlay in the seal area 


Empty weight 1050 lb 
HFEF-5 transfer pig 


ID 13.00 in. 
Wall thickness 4.25 in. 
Bottom thickness 1.00 in. 
Interior height 55.00 in. 
Materials Carbon or low alloy steel 
Empty weight 3800 lb 
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Figure 3-3. HFEF-5 Transfer Cask 


The proposed steps in the concept of operations for the HFEF-5 are as follows: 


1. The transfer pig is staged on a transfer cart with a scissor lift with the empty OC inside. 
There is a contamination seal such as rubber skirt around the top of the OC that will be 
attached to the docking port. The shield plug of the OC is staged inside the hot cell. 


2. The loading platform is set high enough that the transfer pig on the cart can clear any of 
the platform’s support structure. Modeling confirms that this can be achieved with the 
platform at the same level as the tunnel floor. 


3. The HFEF-5 is carried in through the LOTUS test bed equipment access tunnel and 
staged on the loading platform. Modeling confirms that the HFEF-5 Cask can be placed 
into position with the proposed low-profile forklift. 


4. The transfer cart with the transfer pig and OC is moved under the hot cell. The pig is 
raised using the scissor lift on the cart. The pig is docked to the hot cell, the 
contamination seal is secured, and the ISC with solidified salt is lowered into the OC. The 
shield plug for the OC is lowered into place from inside the hot cell. 


5. The docking port is closed from inside the hot cell, the pig is undocked and lowered, and 
the cart moves to an intermediate position for hands-on cleaning of the OC seal area, 
removal of the contamination seal, installation of the OC lid, helium backfill, and leak 
detection of the OC. 
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6. The transfer cart moves below the loading dock, a cable from a hoist mounted atop the 
HFEF-5 Cask is attached to the OC lid, and the cart raises the transfer pig to mate with 
the HFEF-5 Cask. 


7. The polar crane lifts the OC into the HFEF-5, the lift cable is detached from the OC, and 
the top and bottom gates of the HFEF-5 are closed. 


8. The HFEF-5 is removed from the loading platform and transferred out through the 
tunnel. 


The HFEF-5 operations are illustrated in Figure 3-4. 


 


Figure 3-4. HFEF-5 Fuel Removal Operations 


3.3 Light Transfer Cask 
This option is an alternative to the HFEF-5 Cask for transferring an ISC inside an OC to an indoor 
open vault IFSSF. The OC is identical to that described in the introduction of Section 3. No 
transfer pig is required. The loaded LTC is light enough to be lifted by the NRIC-LOTUS test bed 
polar crane and short enough that it can be docked below the hot cell for direct loading. The 
transfer LTC is a simple all-steel construction having an open top with an unsealed lid and a 
bottom sliding gate for loading the vault. The bottom gate remains closed during removal 
operations in the NRIC-LOTUS test bed containment. Table 3-2 shows the OC inside the LTC 
with dimensions and materials for the LTC. 
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Table 3-2. Loaded LTC 


 


LTC Dimensions (inches) 
• ID: 13.0 
• OD: 21.5 
• Interior height: 55.25 
• Lid: 2.00 
• Bottom gate: 4:00 + 2.00 
• Overall height: 63.25 


 
Main components: 


• Body 
• Lid 
• Lifting lugs 
• Bolts  
• Sliding gate 


 
All components are either carbon steel, low-alloy 
steel, or stainless steel as required for low-
temperature fracture toughness. 
 
Approximate weight includes 1000 lb for the bottom 
gate mechanism: 


• Empty: 5550 lb 
• Loaded: 7100 lb 


 
A shielding evaluation for the LTC is described in the IFSSF report (Ref. 2). 
 
The proposed operational steps for the LTC are as follows: 


1. The empty OC is staged in the LTC on a transfer cart with a scissor lift at the bottom of 
the NRIC-LOTUS test bed trough. There is a contamination seal such as rubber skirt 
around the top of the OC that will be attached to the docking port. The shield plug of 
the OC is staged inside the hot cell. 


2. The transfer cart with LTC and OC is moved under the hot cell. The LTC is raised using 
the scissor lift on the cart. The LTC is docked to the hot cell, the contamination seal is 
secured, and the ISC with solidified salt is lowered into the OC. The shield plug for the 
OC is lowered into place from inside the hot cell. 


3. The docking port is closed from inside the hot cell, the LTC is undocked and lowered, 
and the cart moves to an intermediate position for hands-on cleaning of the OC seal 
area, removal of the contamination seal, installation of the OC lid, helium backfill, and 
leak detection of the OC. The LTC lid, which requires no seal, is installed.  


4. The loaded LTC is staged to the side inside the NRIC-LOTUS test bed. Up to five will be 
accumulated for transfer out of the tunnel during 1 day. 
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5. The LTCs are lifted from the temporary storage location to a transfer skid on a loading 
platform at the tunnel entrance and transferred up to five at a time to the indoor open 
vault IFSSF. 


The LTC operations inside NRIC-LOTUS are illustrated in Figure 3-5. 
 


 


Figure 3-5. LTC Fuel Removal Operations 


Figure 3-5 shows five LTCs loaded in a locking rack and pallet system. Once loaded and 
transferred to the IFSSF, another five empty LTCs in another pallet system are transferred into 
the NRIC-LOTUS test bed for loading. This provides the opportunity for concurrent operations 
with ten LTCs and two pallet systems. 


3.4 MISC Transfer & Storage Cask Option 
The MISC is a small version of the dry storage casks used for commercial LWR storage. It can 
serve both for transfer operations and for long-term storage of the ISCs. In place of a vault, the 
MISC could be stored in a secure building on a slab at grade or in a concrete and steel overpack 
that provides impact and theft resistance comparable to a secure building. The primary 
advantage of the MISC is the ability to remove seven ISCs from the NRIC-LOTUS test bed facility 
in a single transfer. The loaded weight remains under the 20-ton capability of proposed 
forklifts. 


The MISC has an all-steel body and lid. The body is thick enough (5 in.) to allow space for double 
concentric seals and a system to monitor for leakage without instruments penetrating the 
confinement boundary. The space between the seals can be pressurized and the pressure in 
this space monitored to detect leakage without instrumentation penetrating the confinement 
boundary. This is a standard practice for commercial LWR dry storage casks. The basket is a 
conventional tube-and-disc construction. The top disc is thick for shielding, and the fuel 
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compartment tubes are thick walled to maximize shielding while minimizing the cask body 
thickness and thus the weight. The ISCs are not loaded into an OC; rather, they are loaded into 
a thin-walled IC which is not sealed but is designed for lifting, axial shielding, and contamination 
control. Figure 3-6 illustrates the loaded MISC storage cask and shows the lid seals and leakage 
monitoring system. Table 3-3 lists the dimensions and materials of the MISC, and Table 3-4 lists 
those of the IC. 


The MISC is too heavy to be handled by the NRIC-LOTUS test bed polar crane. Thus, it remains 
on a loading platform at the tunnel level for top loading via a transfer pig with a bottom gate 
and a fixture that aligns the transfer pig with the fuel compartments in the cask. 


 


Figure 3-6. MISC Storage Cask 


Figure 3-7 shows the details of the pressure monitoring system. A small fill valve attached to an 
overpressure tank with at tube connected to the interstitial space between the double 
concentric seals provides the inert gas pressure. The tank pressure is monitored with two 
pressure transducers or switches. The leakage monitoring system is installed at the IFSSF. 
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Main lid seal Leakage Monitoring System 
 
 
 


 


 


Figure 3-7. MISC Confinement Features 


Details for the MISC construction are given in Table 3-3.  


Table 3-3. MISC Materials and Dimensions 


 Part Qty Dimensions Materials 


1 Cask lid 1 61Ø x 3 SS304 forging or plate 
2 Cask body (without lid) 1 51 ID x 50.5 internal 


61 OD x 55.5 external 
 


SS304 forging or plate, or low-alloy 
steel with good low-temperature 
fracture toughness, e.g., A350 Gr LF3, 
A203 Gr D 


3 Lid bolts (hex head) 16 1.00-8 x 4  High-strength low-alloy steel with good 
low-temperature fracture toughness 


4 Port plug (socket head 
cap screw) 


1 0.50 Ø x 1 XM-19 or Nitronic 60 


5 Stainless weld overlay 1 0.25 thick See note 1 
6 Fuel compartment tube 


See note 2 
7 10.375 ID x 13.375 OD x 


50 
Carbon steel, low-alloy steel, or 
stainless 304 


7 Basket discs 3 50.5 OD x 2 High-strength, low-alloy steel with 
good low-temperature fracture 
toughness, e.g. A517 


7a Basket shield disc 1 50.5 OD x 4 A516 Gr 70 
8 Spacers 18 1.5 ID x 2.50 OD x 13.33 Carbon steel  
9 Tie rods 6 1.375 Ø x 49 High-strength low-alloy steel 
9a Tie rod nuts 12 1.375-6 High-strength low-alloy steel 
10 Main lid seal 1 52 ID x 0.31 Double seal, spring-energized silver 


coated c-ring, e.g., Helicoflex 
11 Port plug seal 1 0.62 ID x 0.125 Silver-plated metal c-ring 
12 Lid bolt washer 16 1 in. nominal ID Work-hardened or high-strength 


stainless steel 


To alarm monitor 


Also connect to a 
cover over the port 
plug 
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 Part Qty Dimensions Materials 


Notes: 
1. Stainless weld overlay at the sealing surface is required only if the storage cask body is low-alloy steel 
2. Tube size is taken from the stock list at specialtypipe.com 
3. These are approximate dimensions that will change as determined by material selection, stress analysis, 


and shielding analysis. 
4. Approximate weight, loaded = 18 tons without contingency 
5. Lift by attachment of swivel hoist rings to blind taps in the cask lid. When the cask is unloaded and the lid is 


not installed, the cask can be lifted by threading hoist rings into the lid bolt holes in the top of the cask 
body, with protection of the sealing surface. 


 
Details for the IC design concept are given in Table 3-4. 


Table 3-4. Materials and Dimensions of the IC 


ID 9.00 in. 
Wall thickness 0.50 in. 
Bottom thickness 0.50 in. 
Lid thickness 4.0 in. 
Interior height 45.50 in. 
Materials Carbon or low alloy steel 
Empty weight 315 lb 


Criticality and shielding evaluations for the MISC storage cask are described in Ref. 2.  


The proposed operational steps for the MISC are as follows: 
1. The empty MISC is staged on a loading platform at the level of the equipment access 


tunnel. The lid is removed, and the alignment fixture is installed. Scaffolding provides 
access to the top of the cask. 


2. The empty IC is staged in the MISC transfer pig on a transfer cart with a scissor lift at the 
bottom of the NRIC-LOTUS test bed trench. There is a contamination seal such as rubber 
skirt around the top of the IC that will be attached to the docking port. The shielded 
cover of the IC is staged inside the hot cell. 


3. The transfer cart with transfer pig and IC is moved under the hot cell. The transfer pig is 
raised using the scissor lift on the cart. The transfer pig is docked to the hot cell, the 
contamination seal is secured, and the ISC with solidified salt is lowered into the IC. The 
shielded cover for the IC is lowered into place from inside the hot cell. 


4. The docking port is closed from inside the hot cell, the transfer pig is undocked and 
lowered, and the cart moves to an intermediate position for hands-on securing of the IC 
cover and removal of the contamination seal. A lid or other retaining feature secures the 
IC inside the transfer pig in the event of a drop accident. 


5. The polar crane hook is connected to the transfer pig lift lugs by a three- or four-legged 
sling. Limited headroom may require a spreader beam rather than a bridle. 


6. The polar crane lifts the transfer pig and sets it onto the alignment fixture on the 
storage cask, where it is secured.  



https://specialtypipe.com/assets/Uploads/Stocklist-2022.pdf?pdf=Stock-List-PDF
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7. The crane is disconnected from the transfer pig lift rigging. A sling is installed between 
the crane hook and the IC lid’s hoist ring, and the IC is lifted slightly. 


8. The bottom gate on the transfer pig is slid open, and the IC is lowered into the storage 
cask. 


9. The transfer pig is reconnected to the lift rigging, disconnected from the alignment ring, 
and lifted by the polar crane for return to the transfer cart. The bottom gate on the 
transfer pig is closed. The hoist ring and cable are removed from the IC. 


10. The process is repeated until all compartments in the MISC are loaded. 
11. The alignment fixture is removed, and the MISC storage cask lid is placed, bolted, and 


leak tested. 
 
The MISC loading operations are illustrated in Figure 3-8. 


 


Figure 3-8. MISC Fuel Removal Operations 


3.5 Analysis of Cask Alternatives 
3.5.1 Fuel Removal Alternatives Compared 
Tables 3-5, 3-6, and 3-7 present advantages and disadvantages for each of the three indicated 
fuel removal alternatives to support comparative analyses. Also, those key factors that are 
impacted by these advantages or disadvantages are noted. 


Table 3-5. ISC/OC Bottom Loaded from a Transfer Pig into the HFEF-5 


Advantages Factors Affected 
HFEF-5s owned by INL; no cost for new transfer cask design, 
licensing, fabrication, or training. 


Cost 
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Advantages Factors Affected 
Bottom loading does not require raising the loading 
platform. 


Safety, seismic design 


Simple transfer pig Cost, operational simplicity 
Disadvantages Factors Affected 


Currently only one HFEF-5 exists but another is being 
procured. When completed both must be made available for 
concurrent transfer, loading, and unloading operations. 


Operational simplicity 


The HFEF-5 cask can only transfer one ISC/OC with each trip Time for transfer (cost, security) 
The HFEF-5 cask is taller than required for the height of the 
ISC/OC. This potentially affects the ceiling height in the 
IFSSF. 


Cost 


If pressure monitoring or leak detection is required to 
detect moisture ingress, 28 sets of equipment and 
instrumentation would be required. 


Cost, operational simplicity 


Table 3-6. LTC with and ISC/OC Top-Loaded Directly from the Hot Cell 


Advantages Factors Affected 
Simplest operation – after loading at the hot cell and closure 
adjacent to the hot cell, the LWT is ready to be lifted by the 
polar crane to a loading platform at tunnel height. 


Operational simplicity 


The simple LTC design will be low cost and quick to design to 
meet safety requirements and construct. 


Cost  


Low height of lifting the ISC to the loading platform (5 ft) Risk (consequences of drop) 
Multiple LTCs can be loaded and staged inside the NRIC-
LOTUS test bed for transfer to the IFSSF during a single 10-hr 
security shift 


Time for transfer (cost, security) 


Disadvantages Factors Affected 
Should procure 10 (five for transfer out as a unit + five 
replacements to be loaded while the first set is being 
processed at the IFSSF). 


Cost 


If pressure monitoring or leak detection is required to 
detect moisture ingress, 28 sets of equipment and 
instrumentation would be required. 


Cost, operational simplicity 


 


Table 3-7. MISC Storage Cask Top-loaded with an Inner Container by a Transfer PIG 


Advantages Factors Affected 
Seven ISCs can be transferred to the IFSSF at one time. Time for transfer (cost, security) 
Closure operations for only four MISC storage casks are 
required for 28 ISCs. 


Worker dose (radiological safety) 


If pressure monitoring or leak detection is required to 
detect moisture ingress, only four sets of equipment and 
instrumentation would be required to monitor each cask. 


Cost, operational simplicity 
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Disadvantages Factors Affected 
Lift height for the transfer pig, about 12 ft Risk (consequences of drop) 
More complex loading operation Operational simplicity 
Cost and time for new design and construction to meet 
safety and operational requirements – more complex 
design. 


Cost, time 


3.5.2 Alternatives Considered and Discarded 
A welded closure versus bolted closure of the MISC transfer and storage cask or the OC storage 
unit was examined: 
 
Advantage - welded closure has the advantage of long-term reliability. Under NRC 
recommendations (Ref. 3), mechanically sealed dry storage systems require confinement seal 
monitoring, but welded systems do not.  
Disadvantage - welded closure has the following disadvantages: 


• Requires additional equipment for closure (welding machine) 
• Requires specialized personnel for closure (welder, nondestructive examination 


technician) 
• More worker dose, particularly for multilayer penetrant testing, which is the standard 


practice for closure weld examination 
• Retrieval is more complex, requiring a cutting machine as opposed to unbolting. Closure 


after retrieval would again require the welding machine and two specialized personnel 
and associated dose pickup. 


In commercial spent fuel storage, welded systems with concrete overpacks have dominated in 
the United States since the late 1990s due to their lower cost relative to bolted casks with thick 
steel walls. This advantage is not relevant for the NRIC-LOTUS test bed project because of the 
small size and quantity of casks. Metal seals have been in use since the first CASTOR and 
Transnucleaire TN-24 casks in the 1980s. Silver-coated seals are more resistant to corrosion 
than aluminum-jacketed seals. 


Based on these considerations, the MISC and OC concepts presented here use bolted lids with 
silver-coated metal seals. The welded option is not considered further, but if it is deemed 
preferable, the containers proposed could be converted to welded-closure designs. 


Other concepts for loading the ISC into a cask that were examined included the following: 


• Top-loading the MISC or LTC by remote transfer of a lightly shielded ISC. These concepts 
were dropped because of the inability to recover from accidents or off-normal 
operations such as crane failure. 


• Top-loading the LTC with a transfer pig. This concept was dropped when the weight of 
the loaded LTC was found to be within the 5-ton lifting capability of the NRIC-LOTUS test 
bed polar crane. 
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• Top-loading the HFEF-5 with a transfer pig. There is insufficient clearance between the 
top of the HFEF-5 cask stationed at the tunnel level and the maximum elevation of the 
polar crane hook. Furthermore, there is no advantage relative to bottom loading. 


• Direct loading the MISC storage cask below the hot cell. This concept was dropped due 
to the requirement for a supplemental crane to lower the cask to the NRIC-LOTUS test 
bed floor and raise it back after loading. The requirement for a large docking port or 
indexing system on the transfer cart also argued against this concept. 


3.6 Flush Salt Operations 
3.6.1 Overview 
Flush Salts are assumed to be declared low-level radioactive waste at some point after being 
extracted from the reactor. The salt will be removed from the reactor in containers, referred to 
as flush salt containers or FSCs, using a process similar to that for unloading the ISCs. The FSCs 
would be loaded into an outer (secondary) container like the one used for the irradiated salt 
but perhaps simpler (all carbon steel, thinner walls, no seals, fewer bolts, no ports). This outer 
container, Flush Salt Secondary Container (FSSC), is described below. The salt needs to be 
sampled to determine if the amount of HEU it contains is small enough to remove the salt from 
special material security accountability. The time to sample, test, and receive confirmation is 
unknown but has been estimated by the INL staff to be 2 weeks to several months. This means 
that flush salts will be protected as security accountable material for some period until the 
determination based on sampling is made. It is assumed that the flush salts are not highly 
radioactive and that criticality safety will allow much closer spacing of individual containers 
than the irradiated salt. Flush salts are therefore a unique material stream to be removed from 
the NRIC-LOTUS test bed. 


For protection of special material, two options are considered. For the baseline option, the 
FSC/FSSC would be loaded with the polar crane into racks sitting on the platform extension at 
the tunnel entrance. It is assumed that flush salt transport racks will be designed for forklift 
transport and overhead lifting. The forklift will transport the rack with FSC/FSSCs to the IFSSF 
for temporary storage until accountability can be determined. After temporary storage in the 
IFSSF to determine accountability and assuming the flush salt is not special security material 
and is LLW, it could be loaded into a waste container sitting on the platform extension and 
removed like other radioactive materials. 


Alternatively, FSC/FSSCs could be stored in racks in the NRIC-LOTUS test bed until accountability 
has been determined. After temporary storage to determine accountability and assuming the 
flush salt is not special security material and is LLW, it could be loaded into a waste container 
sitting on the platform extension and removed like other radioactive materials. 


3.6.2 Loading Operations 
The fission product and fissile content will be known with enough confidence through chemical 
and radiological engineering modeling and analysis that there is no criticality concern or need 
for significant shielding beyond the FSC itself. 
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To control contamination, the FSC should be loaded into a thin-walled container with a lid that 
is not sealed but is secured to the body sufficiently for lifting. This is referred to as the FSSC. The 
proposed operational steps for the flush salts are the following: 


1. The FSSC is loaded into a pig. This could be a simple top-loading-only pig similar to the 
one proposed for the HFEF-5 Cask loading. Shielding is not essential. The primary need is 
just to hold the FSSC upright while docking below the hot cell. 


2. A contamination seal is installed between the FSSC and the pig, or a rubber sleeve is 
attached to the FSSC and then connected to the docking port. 


3. The loaded FSC is lowered into the FSSC.  


4. The cover to the FSSC is lowered into place from within the hot cell.  


5. The pig is undocked and moved to an intermediate position where the cover is cleaned 
and secured. 


6. The NRIC-LOTUS test bed polar crane (5-ton capacity) lifts the loaded FSC/FSSC assembly 
to a storage rack, of which several are staged in the NRIC-LOTUS test bed containment. 
Each rack could hold seven FSCs (hexagonal pattern with one in the center), include lift 
points for a sling to lift the rack to the loading platform with the polar crane, and include 
forklift slots to move it from the loading platform. The loaded FSSCs will weigh less than 
1,000 lb each. In this scenario, the loaded rack can be lifted with the NRIC-LOTUS test 
bed polar crane to place it on the loading platform.  


7. From there, the forklift would transfer the rack to the IFSSF (baseline option for 
temporary storage). 







 


 BGS-BEA-TR-01 September 2022 - 44 
   
 


Removal of Irradiated Fuel and Other Radioactive Materials: Options and  
Trade Studies for LOTUS Test Bed 


4 PREPARING OTHER RADIOACTIVE MATERIALS 
FOR REMOVAL FROM NRIC-LOTUS 


4.1 Operations Overview 
This section provides some initial background and explanatory material outlining the proposed 
operations for the removal of the MSR components, the defueling hot cell, and any other non-
fuel waste from the NRIC-LOTUS test bed after the reactor has been defueled. 


Regarding waste handling, characterization, segregation, and packaging: 


• It is assumed that much of the waste will not require remote handling and that 
equipment for disassembly and handling, including placement of the waste into 
containers and waste characterization, is outside the scope of this project. The present 
scope begins with handling the waste containers as loaded following reactor 
dismantling. 


• MFC dedicated crews working under the reactor vendor management plan will 
segregate and load material into INL standard waste containers transported to the load-
in/load-out platform in the test bed at the exit from the tunnel. 


• It is assumed that the reactor vendor management plan will be prepared with guidance 
from the INL staff. The plan would include the following: 


o Waste characterization with a waste sampling plan 


o Waste sorting and segregation 


o Waste minimization 


o Waste packaging 


o Waste disposition 


• Waste that exceeds an A2 activity level (see 49 CFR 173.435) would have to be shipped 
in Type B packaging or stored onsite until it decays to the point at which the total 
activity is below A2 and it can be shipped in a Type A packaging. 


• Waste that meets off-site disposal criteria will be shipped directly to the off-site disposal 
facility. 


• It is confirmed that waste with fissile residue meets one of the exemption criteria of 
49 CFR 173.453. 


A temporary waste accumulation area outside the test bed is recommended. It could be located 
southeast of the tunnel exit (see orange area in Figure 4-1). The roadbed would need to be 
extended to access the accumulation area. 
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Figure 4-1. General Site Layout Including Haul Path and Laydown Area 


Smaller IP-1 containers (i.e., CO018-CO225 designs) can be staged in the temporary waste 
accumulation area. These can be empty or full awaiting final disposition. If needed, larger IP-1 
Cargo Containers can also be staged in this accumulation area. 


4.2 Concept of Operations Description 
For each transfer of material, it is assumed that the appropriate characterization and 
segregation have been completed, the waste container for disposal has been identified, and 
prior removal of irradiated and flush salts has been completed. 


Typical operations would start with material ready for removal and staged in the test bed. At 
this point the requested INL container would be loaded at the temporary accumulation location 
and transported through the tunnel to the loading platform in the test bed. 


4.2.1 Removal of Most Radiologically Activated Components 
The following present concepts for removal of components assumed to have high levels of 
radioactivity. Additional shielding not mentioned may be required for each. 


Reactor Vessel 


The following is one possible scenario for removal of this large component. 


The reactor component would be partially dismantled, wrapped, rotated into the horizontal 
position with the hydraulic lift gantry crane, placed into a cradle system, and palletized for 
removal. 
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The pallet would be designed for the hydraulic skidding system, which would be installed 
underneath the lifted pallet. The skidding system would transport the pallet through the tunnel 
to the exit platform. At the platform another lifting system (yard crane or gantry crane) would 
lift the pallet and place it on a flat-bed trailer. The reactor vessel would most likely be 
transported to an onsite storage area awaiting final disposition. 


Off-Gas Treatment System 


The off-gas treatment system would be dismantled to remove the hot upper filter section from 
the main body. This would be wrapped or bagged and placed in a smaller IP-1 55-gallon drum. It 
is estimated that 90% [TBV] of radioactivity would be from this component. It would be 
removed by the forklift and transferred to a designated onsite area for further decay. 


Drain Tanks 


Drain tank(s) would be wrapped or bagged and placed in small IP-1 CO090 containers. The 
tanks would be blocked and braced to ensure no load shifting during transport. These would 
also be transported to an onsite area for further decay. 


Shielded Hot Cell 


The irradiated/flush salt loading hot cell would be wrapped and palletized for removal from the 
test bed. It is assumed that the forklift could transport this pallet. The hot cell could be moved 
to the IFSSF for use in future sampling operations. It could also follow the same path as the 
other components above. The shielded hot cell could be retained in the test bed for future 
reactor experiments. 


4.2.2 Removal of Low-Level Radiological Components 
Smaller IP-1 containers (see Appendix B, Standard INL Waste Containers) would be staged in 
the temporary accumulation area outside. When needed, the desired container is transported 
through the tunnel and placed on the loading platform. Operators un-bolt and remove the 
cover from the waste container (polar crane needed for large covers). Operators would then 
use the polar crane to grapple or sling the waste materials and place them in the container and 
replace and bolt the cover. The operators would then call for the container to be transported 
from the test bed through the tunnel. For purposes of this operation, it is assumed that the 
forklift is used to transport containers. 


Once outside the containers could be loaded on flat bed trailers for direct transport to off-site 
disposal sites. Alternatively, they could be stored in onsite storage areas at INL. 


Bio-shield pre-cast concrete blocks are unique in that they may not be activated enough to 
require any container for removal. They may be disassembled in stages to allow some shielding 
to be left in place during the reactor disassembly. The blocks have been designed to be lifted by 
the polar crane (maintaining weights less than 5-ton polar crane capacity). When removed, they 
could be wrapped and palletized for removal by the forklift. 
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5 REMOVAL ALTERNATIVES  
The objective of this assessment is to identify possible alternatives for the removal of irradiated 
fuel and other radioactive materials from the NRIC-LOTUS test bed that would then provide 
input for conducting trade studies. The expected outcome from the trade studies, as discussed 
later in this report, is the selection of preferred methods for removal. It is recognized that one 
method may not be appropriate for the various material types to be removed. For example, the 
preferred method for removal of an irradiated fuel cask may not be the best method for 
removing the reactor vessel. 


The number of alternatives appropriate for the removal of other radioactive materials is likely 
greater than alternatives for removal of irradiated fuel in the HFEF-5 Cask or other cask 
alternatives. Many options are available for moving the assumed rectangular boxes that are 
filled from the overhead polar crane or another higher capacity crane to be installed by the 
reactor vendor. Section 5.1 addresses the alternatives for the removal of disassembled reactor 
components that are LLW and appropriate for INL waste containers. Note that at this time the 
required capabilities or the material-handling alternatives for the removal of potentially highly 
radioactive components and specifically the reactor vessel are only minimally discussed. 


It is assumed that once the fuel and highly radioactive materials are removed, the remaining 
reactor equipment and components will be removed from the NRIC-LOTUS test bed using a 
traditional bulk-processing D&D approach using INL waste containers for offsite transport. This 
“interface point” with the INL waste containers is the starting point for examining options for 
the removal of other radioactive materials, as discussed in Section 5.1. 


Because the number of alternatives for removing other radioactive material is likely greater 
than those for removing the irradiated fuel, as noted above, alternatives for the removal of 
other radioactive materials are discussed first. Presenting the details and specifics of these 
alternatives first aids in understanding why the same options for the handling/transport of 
casks may not be feasible. 


The examination of alternatives for removal of irradiated fuel described herein focuses on 
handling/transfer alternatives for moving the HFEF-5 Cask (loaded or unloaded) into and out of 
the NRIC-LOTUS test bed test via the NRIC-LOTUS test bed equipment access tunnel for 
ultimate transfer to the IFSSF. Removal alternatives are evaluated for the alternative cask 
concepts (LTC and MISC). The LTC concept is a smaller version of the HFEF-5. LTCs can be 
removed one at a time or in a locking rack and pallet system designed for multiple LTCs to 
reduce the number or transfers. Five LTCs can be moved at one time to stay within the load 
capacity of the proposed low-profile forklift. 


Section 5.2 addresses the required capabilities and alternatives for the removal of irradiated 
fuel in containers and placement in the HFEF-5 Cask once the irradiated fuel salts are removed 
from the reactor by the reactor demonstrator. More handling/transport options may be 
available for the alternative cask designs, as discussed in Section 5.3. 
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5.1 Alternatives for Removal of Other Radioactive Materials  
Installation of reactor and support equipment and their removal after operation have different 
material-handling requirements. Obviously, the need for radiological protection is a key 
difference. Based on information provided to this point (INL and reactor demonstrator), the 
reactor components for installation will be much larger and heavier than the disassembled 
components to be removed. Therefore, the hydraulic skidding system proposed by INL may not 
be the best application for both.  


A high-capacity gantry crane inside the test bed has been proposed for handling the reactor 
components. The actual crane capacity requirement needs to be verified. [Note: NRIC-LOTUS 
requirements stated that reactor module size would be limited to 30 tons {Systems 
Requirements 40478} and 12 ft 6 in. wide x 12 ft 6 in. high x 20 ft 0 in. long {Systems 
Requirements 22650}].  


The 3D models provided by INL indicate the potential need to move something as large as 
12 ft x 12 ft x 20 ft. The conceptual design of the tunnel has a 13 ft x 13 ft opening. This opening 
leaves little room for material-handling equipment to move such a large volume. Perhaps this is 
the driver for using a skidding system, but that system could be no taller than 11 in. Something 
occupying this volume could be quite heavy. The skidding system could get it past the inner 
door, and with enough temporary cribbing, the skidding system could be extended to position it 
above the reactor pit. From there, hydraulic jacks could lower it onto supports in the pit. 
Enerpac could provide all this equipment, and the equipment could subsequently be removed, 
leaving no trace. The point of discussing this system is to emphasize that the plans for installing 
the reactor and the associated material-handling equipment required can impact material-
handling alternatives for removing the disassembled reactor. This proposed gantry crane would 
be temporary and only used for handling the reactor core skid and later torn down and 
removed. It would need to be re-installed post-operations if it were to be used in disassembly 
and waste handling and removal. The gantry crane could be included in alternatives analyses 
and trade studies.   


Filling typical INL rectangular waste containers (boxes) staged inside the test bed with the other 
radioactive materials is the proposed approach. The boxes will be sealed for contamination 
control and will provide shielding for radiological protection. It is assumed that the boxes are 
open-top rectangular boxes that are loaded from above and then sealed with a bolted cover. 
Special pieces of dismantled equipment may be more appropriately placed in open-top 
cylindrical containers (drums) with a sealed cover. Depending on the contents, the boxes and 
drums can be shipped directly for off-site disposal. A transfer vehicle would be staged outside 
the test bed and within the PIDAS fence to receive the waste containers. Additional equipment 
to load the transfer vehicle may be required depending on the transfer system chosen (e.g., a 
forklift could load the vehicle directly). 


Depending on contents, the boxes or drums may require additional protection and could be 
loaded into newly approved or formerly approved shipping containers (standard Cargo 
containers 10 ft 0 in., 20 ft 0 in. lengths—top loading, side loading, end loading) either in the 
test bed or outside the test bed. If using these larger, secondary certified shipping containers is 
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desirable and assuming that they may be too large or cumbersome for use in the test bed, 
filling them outside the test bed would be the better approach. Again, additional equipment 
may be required outside the test bed for loading these containers. 


Several alternatives for moving boxes or drums in and out of the test bed exist. They include 
forklift, gantry crane, wheeled cart on rails pulled or pushed by a tug vehicle, self-powered 
wheeled cart on rails, self-powered cart no rails, air pallet, and hydraulic skidding system. Other 
alternatives were considered but not included in the evaluation. A powered pallet jack is like a 
forklift without the advantage of being able to lift the load, and it typically has significantly less 
load capacity. Hillman rollers were considered. They would be mounted to a plate that would 
be loaded with material to transfer. This is a wheeled cart that may have a lower profile than 
other wheeled carts. The Hillman rollers have been included generally in this category. 


For any option, the floor throughout the tunnel should be at the same elevation, except at the 
shield door location. The current concept for the shield door shows a recessed floor for the 
swing path of the shield door. A smaller rectangular trench in front of door with a removable 
concrete block could serve the same purpose of blocking the bottom of the door. During 
removal operations a shorter concrete block could replace the taller block, creating a level 
surface. Any embedded features in the tunnel floor would also be embedded in the short block. 


The criteria for evaluating these alternatives are safety, simplicity/ease of operation, flexibility, 
capital cost, operating cost, ALARA radiological exposure, and risk. The alternatives discussed 
below will touch on these criteria. A more in-depth evaluation is presented in the trade studies, 
and more evaluation criteria may be needed. 


5.1.1 Forklift – Low-Profile 20-ton Capacity 
All the forklift alternatives presented below for staging boxes or drums, for moving them in and 
out of the test bed, and for loading the shipping container inside or outside the test bed are the 
same for every transfer option. The space at the end of the tunnel, just inside the NRIC-LOTUS 
test bed, needs to be clear and available for all options as a load-in/load-out station. A load-
in/load-out platform at the end of the tunnel at the elevation of the tunnel floor will be 
required for placement of boxes or drums to be staged or filled. 


Using a forklift may be the simplest alternative, but not the safest. There are possible accident 
scenarios/driver errors that may pose unacceptable risk. Installed guard rails could lessen the 
safety concern. Boxes would be either designed for lifting via the forks (pallet built in) or 
securely placed on a pallet for lifting via the forks. Standard forklift attachments for handling 
drums are assumed. Some number of boxes and/or drums could be transported into the NRIC-
LOTUS test bed first. The loading platform installed at the end of the tunnel could be designed 
with a jack system to lower the platform, thus providing additional headroom for taller 
containers and taller materials to be loaded directly on the platform. The loading platform 
would not be required for the largest standard INL waste container, the CO225, with a height of 
~70 inch. The containers could be staged in locations on the NRIC-LOTUS test bed main floor. 
Doing so provides maximum headroom for loading taller containers with taller items. It is 
assumed that staging the containers and loading them would be accomplished with the 5-ton 
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polar crane. Containers would require overhead lift capability if they were moved off the 
platform for loading, and the loaded container weight would be limited to less than 5 tons. 


If filling secondary shipping containers is required, the containers could be filled in the test bed 
or outside. If inside loading is preferred, the forklift would place the shipping container just 
inside the inner door on the platform, and the polar crane would load the boxes or drums in the 
container. Alternatively, empty containers could be placed in the shipping container outside the 
test bed, and the forklift could transport everything in one trip through the tunnel. The polar 
crane would remove the containers, fill them, and place them back in the shipping container. 
Alternatively, the containers could be loaded as they sit in the shipping container. This 
approach may not be desirable if contaminating the inside of the shipping container is a 
possibility. Loading multiple, small containers into one larger shipping container inside the test 
bed would create a much heavier load for the forklift to remove. The size of the shipping 
container must be selected to ensure the forklift size is small enough to navigate safely through 
a 13 ft x 13 ft tunnel. Higher capacity forklifts also increase the capital cost. Transferring large 
shipping containers in and out of the test bed with a forklift may not be feasible. 


Use of the forklift would be simpler for loading the shipping container outside the test bed. The 
containers would be transferred through the tunnel, placed on the platform, filled one at a 
time, transferred outside, and loaded in the cargo container. The loaded container weight could 
not exceed the 5-ton polar crane limit. The selection of each container and the order of loading 
the containers would be predetermined based on the disassembly sequence of the reactor. 
Although this option creates more trips for the forklift, it has advantages in terms of flexibility 
and maximizing the use of space within the shipping containers, thereby reducing the number 
of containers.  


Once the empty waste containers are placed inside the test bed, the forklift can leave the 
tunnel and the security doors and shield door can be closed and remain closed until the 
containers are loaded and ready to be removed. Depending on the size of the containers and 
the forklift, any door (security or shield) could be opened and closed one at a time as the 
forklift and load traverse the tunnel either in or out. This approach may be a desirable feature 
for security or radiological protection/control.  


Only the forks and possibly the front wheels of the forklift enter the test bed or touch the 
containers and could become contaminated and would need to be monitored periodically. It is 
assumed the rest of the forklift would have a low probability of becoming contaminated. Figure 
5-1 shows the CO225 container being transferred through the tunnel with the forklift.  
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Figure 5-1. Forklift with CO225 Container 


5.1.2 Gantry Crane 
The gantry crane option would involve rails embedded in the floor of the tunnel. For gantry 
movement, the rails embedded in the floor would not interfere with other material-handling 
equipment should they be needed. The rails would be placed at the maximum width possible 
within the tunnel, as determined by the crane manufacturer’s design and the desired capacity. 
The rails would be extended into the test bed at the same elevation as the rails in the tunnel 
and would be supported by structures mounted to the floor of the test bed. The rails would 
straddle the 7-ft-wide trench in the floor that leads to the reactor pit. A platform for placement 
of the containers would not be required if they are wide enough to straddle the 7-ft-wide 
trench. If not, then a cover would need to be placed over the trench.  


Lifting containers would be conducted from overhead. Long rectangular containers with 
unevenly distributed loads would require lifting at both ends or at all four corners to keep the 
load level. There are gantry crane options that can accomplish this lifting approach, but 
flexibility for multiple container sizes might lead to two separate gantry cranes that could 
operate synchronously. This use of two gantry cranes adds complexity and cost. However, 
flexibility in the height of the container and the height of the materials that can be loaded 
would be increased since the gantry crane(s) can lower containers all the way to the NRIC-
LOTUS test bed test bed floor. It is assumed that the gantry crane(s) could handle significantly 
higher loads than the polar crane.  


Like the forklift option, the gantry crane(s) would leave the test bed during the container-
loading operations, and the ability to open and close doors (security or shield) one at a time as 
the gantry crane moves in and out of the test bed is assumed.  
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5.1.3 Wheeled Cart on Rails 
The same rail system proposed for the gantry crane alternative would be used for this 
alternative. For wheeled carts on rails, whether self-powered or pushed/towed by a vehicle, the 
platform inside at the end of the tunnel and just inside the NRIC-LOTUS test bed needed for the 
forklift option is replaced by the bed of the cart riding on the rails. With added complexity, the 
rails extended above the test bed floor could be lowered on a jack system, increasing the 
headroom for loading taller items. Again, this functionality is not required for standard INL 
waste containers. The cart design should provide the lowest profile possible for the intended 
loads. Again, assuming containers are filled from above, in staged locations on the test bed, or 
on the cart on rails, the container height limitations for this alternative are close to the same as 
those for the forklift option. 


With this alternative, the cart, whether self-propelled or pushed/pulled with a separate vehicle, 
remains in the test bed during container loading, unless the container is removed from the cart 
and the cart can leave. As stated earlier, removing the container from the cart has the 
disadvantage of limiting the weight of the loaded container to the polar crane 5-ton limit. If the 
cart remains, the potential for contamination exists, and monitoring may be required 
periodically and perhaps as often as each trip.  


The differences between a self-propelled cart and a cart pushed or pulled by a separate vehicle 
are small. It is assumed that both options require a person to operate them. The cart with 
push/pull vehicle may be longer in length overall, which could affect the opening and closing of 
doors one at a time, but the cart could be shortened if needed to accommodate. For occupying 
the same footprint in the test bed, the self-propelled cart may have a smaller bed than a cart 
without a drive system built in. Again, these are small differences.  


5.1.4 Wheeled Cart – No Rails  
This alternative is very similar to the wheeled cart on rails with all the advantages and 
disadvantages of being self-powered or pushed/pulled. However, for safety purposes, it is 
assumed that some above-tunnel-floor-level curbs would be required to keep the vehicle on 
track. It is assumed that a person would operate the cart. At the end of the tunnel and entrance 
to the test bed, it could be driven onto a platform extended into the test bed. The cart could 
then be lowered, gaining headroom for loading like the forklift or cart on rails alternatives.  


A self-propelled cart could be designed (e.g., with pneumatic tires) to move filled containers 
outside of the tunnel entrance and could possibly navigate a sloped roadbed. This may be 
desirable for transporting a filled container to a secondary shipping container.  


5.1.5 Air Pallet 
Air pallets require very flat and smooth floors for operation. Gaps in the floor such as the one at 
the shield door would need to be temporarily covered and sealed with tape. Any cracks in the 
concrete that might develop over time would need to be sealed. A platform at the end of the 
tunnel and just inside the test bed would be required and need to meet the same flat, smooth 
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floor requirement. Lowering the platform to gain headroom might not be possible as it would 
break the air seal between the platform and the tunnel floor.  


Air pallets can move very heavy loads. Small lateral forces are required to move them. One 
person can push a surprisingly heavy load. A small battery-operated vehicle can push or pull the 
pallet. The air pallets require a source of compressed air and can be self-propelled. For this 
application, they need to be guided like the wheeled-cart, no-rails alternative. A person is 
required to operate the air pallets. Opening/closing tunnel doors during transit is not possible 
unless there is a source of compressed air in each chamber of the tunnel. The operator would 
need to disconnect and reconnect the air hose as it moves into each new chamber. If all the 
doors can remain open, the air hose can follow the cart along the entire path.  


Air pallets have pressurized air bags with holes that provide the air cushion that “floats” the 
load. These bags can fail in operation, but the bags are designed within cartridges that can be 
quickly replaced without removing the load.  


Capital cost and operating cost for the air pallet alternative could prove to be higher than the 
alternatives discussed above. In all other respects, using an air pallet for transferring empty 
containers into the test bed and loaded containers out of the test bed shares the same 
advantages and disadvantages as wheeled-cart alternatives. 


5.1.6 Hydraulic Skidding System 
The hydraulic skidding system alternative is like the wheeled-cart on-rails alternative. A skidding 
system is composed of a series of skid beams moved by hydraulic push-pull cylinders traveling 
over a pre-constructed track. A series of special PTFE-coated pads (polytetrafluoroethylene) are 
placed on the skid tracks to reduce friction. The skid beams are then connected by hoses to a 
pump. The skid tracks would be extended into the test bed on a platform. It is not known 
whether the skid tracks could be disconnected at this interface to allow the platform to be 
lowered for added headroom, but this functionality should not be required.  


Enerpac sells a low-height system that can move very heavy loads. Additional information is 
available on their website at LH400SK, Low Height Skidding System Set, 25 Ton Push Capacity | 
Enerpac.  


High-pressure hydraulic fluid is used to push or pull the load. A hydraulic system is required, 
and hoses are attached and must move with the load like the air pallet air hose. Opening and 
closing tunnel doors during transit is not possible unless there is a source of high-pressure 
hydraulic fluid in each chamber. Providing high-pressure hydraulic fluid would be more difficult 
to compared with providing compressed air. Loss of hydraulic fluid possibly creating a mixed 
waste situation would be undesirable. Criticality safety could also be impacted. 


Capital cost and operating cost for this alternative could be similar or higher than the air pallet 
alternative. 


5.1.7 Site Transport of Other Radioactive Material  
For rectangular waste containers filled with other radioactive material, the most likely approach 
is to load the filled containers or cargo containers holding filled containers on trucks that can 



https://www.enerpac.com/en-us/skidding-systems/low-height/LH400SK

https://www.enerpac.com/en-us/skidding-systems/low-height/LH400SK
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transfer them onsite or transport offsite. A crane or forklift would be required to load the truck 
outdoors, and inclement weather protection should be considered. Typically, the INL standard 
waste containers (CO18, CO45, CO64, CO90, CO140, CO225) are IP-1 containers and as such are 
considered DOT Ready and are loaded on flatbed tractor trailers for transfer or transport by INL 
P&T Group. The larger IP-1 cargo containers are typically used for shipping multiple waste 
drums or other small containers.  


5.1.8 Summary   
Analysis of the alternatives discussed above leads to the following observations:  


Use of forklifts may present safety concerns, although barriers could be installed to reduce such 
concerns. With added complexity, the test bed could have a jack system to lower the loading 
platform to provide more headroom for loading taller containers with taller materials from 
above. Forklift capacities may be limited by the height of tunnel, which would limit the weight 
of packages to be removed. This alternative could have the lowest capital and operating costs.  


Due to inherent failure modes of any overhead lifting capability, gantry cranes are not as safe 
as wheeled carts and have safety concerns similar to those of forklifts. The gantry crane does 
not have to stay in the test bed during loading operations, thus lowering the probability of 
contamination. Containers can be lowered directly to the test bed floor level by the crane, 
providing maximum headroom for loading taller containers with taller materials from above. It 
could have one-time higher capital costs than other options, depending on the complexity of 
the design for long rectangular items. Operating cost should be low.  


A wheeled cart on rails is safe and simple to operate and can handle heavy loads. With added 
complexity, the extended rails could be lowered to provide additional headroom. When loading 
materials with the container on the cart, contaminating the cart is possible, and more periodic 
monitoring and cleaning might be needed. The capital cost and operating costs should be low. 


A wheeled cart – no rails can be safe with the addition of curbs to prevent wayward travel. It 
would be simple to operate and could be lowered with a jack system to achieve more 
headroom. Contamination issues are the same as those of the wheeled cart on rails. The capital 
cost and operating costs would be low. 


Both the air pallet and the hydraulic skidding system appear to be the least favorable 
alternatives. Although they are safe, they are more complex, have higher capital and operating 
costs, suffer the same contamination issues as other alternatives, and do not offer a headroom 
advantage over other alternatives. 


For loading standard INL containers, raising and lowering the load in/load out platform should 
not be required. Thus, the difficulty associated with raising and lowering the platform for any 
alternative should not be a discriminating factor in choosing the preferred alternative. 
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5.2 HFEF-5 Transfer Cask Removal Alternatives 
The HFEF-5 Cask can be loaded with irradiated fuel from the top or the bottom. Of the two, 
bottom loading is the preferred option, with the cask sitting on the loading platform as 
described in Section 3.1. 


The HFEF-5 Cask was designed for transport by forklift and lifting from overhead and is 
currently in use at INL for transporting spent nuclear fuel. Also, INL staff are experienced in 
handling the HFEF-5. The design is not optimized for use with the irradiated fuel from NRIC-
LOTUS and may be significantly overdesigned for that purpose. However, it is approved for use 
at INL, and two HFEF-5 Casks will be available for the transfer of irradiated fuel from NRIC-
LOTUS to the storage facility. A drawing and photo of the cask cross section are shown in Figure 
5-2. The cask is over 9 ft tall and could hold a 12¾-in.-diameter OC. The OC could be as tall as 
72, but this may be an impractical length due to other limitations in the test bed such as polar 
crane hook height and the hot cell size used to fill the cans. 


 


Figure 5-2. HFEF-5 Cask Dimensions and Photo 


5.2.1 Forklift Alternative 
The HFEF-5 Cask can be lifted and transported with a forklift and is currently transported on the 
INL site with a forklift that is quite large. The forks lift from under the large rectangular plate in 
the center of the cask. The cask when loaded can weigh up to 32,000 lb, which is well beyond 
the lifting capacity of the 5-ton polar bridge crane in the test bed. Moving the HFEF-5 Cask in 
the test bed is not possible with the current equipment. If a forklift is used to bring the cask into 
the test bed, other material-handling equipment will be required to raise or lower it or move it 
laterally. 


Bottom-Loading Option. The HFEF-5 Cask would be loaded with containers that are along the 
trench between the tunnel and the reactor pit. The tunnel floor is approximately 5 ft 6 in. above 
the trench floor. The current concept for the ISC/OC in the transfer pig is short enough to 
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accomplish bottom loading without raising the cask. The forklift (Figure 5-3) could simply place 
the HFEF-5 Cask on a fixed platform inside the test bed positioned above the trench. The fixed 
platform design would need to be substantial considering the weight of the cask and seismic 
requirements. The platform would need to have an access hole below the center of the cask for 
loading the ISC/OC. 


 


Figure 5-3. HFEF-5 Transported through the Tunnel on the Forklift 


5.2.2 Wheeled Carts, Air Pallets, or Skidding Systems 
These systems for casks are similar when applied to transporting other radioactive materials, as 
described in Section 5.1. They all have a platform or bed on which a cask would rest. During a 
seismic event, tall, heavy casks could easily overturn. Each of these systems could transport the 
cask further into the test bed on extended rails or platforms. For bottom loading the cart, 
pallet, or platform would need to have an access hole for loading the irradiated fuel can. All 
these systems have significant disadvantages associated with moving the HFEF-5 Cask when 
compared with other systems considered. 


5.2.3 Gantry Crane 
The gantry crane as described for the transport of other radioactive materials can be used for 
transporting the HFEF-5 Cask through the tunnel and into the test bed and can be designed to 
accommodate the cask’s significant weight. The cask can be lifted from overhead with slings or 
chains and shackles attached to the lifting ears at the top of the cask. This method would be 
used for the gantry crane alternative. The gantry crane can travel into the test bed on rails 
extended from the tunnel and can load the cask to the platform planned for bottom loading 
anywhere along the trench. The gantry crane has significant advantages in most areas 
compared with other systems considered. 
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5.3 MISC and LTC Removal Alternatives  
Transfer alternatives for the MISC and the multi-rack LTC are grouped for evaluation. Both 
alternative concepts are discussed in Sections 3.3 and 3.4. These alternatives will be designed 
to integrate with the storage configuration proposed for the IFSSF. Direct storage of the MISC 
without unloading individual ISCs would be desirable. 


Both alternatives are designed for the assumed height of the ISC  (Section 3.1) used in defueling 
the reactor and as such are much shorter than the HFEF-5 Cask. Given the low height and wide 
footprints for both cask alternatives, those transfer options considered for other radioactive 
material in rectangular boxes (Section 5.1) would be options for both cask alternatives.  


For both cask alternatives, forklift transfer would be a good choice since they could be easily 
designed with features for forklift transfer. The forklift would place the MISC or LTC rack on the 
loading platform at the entrance to the test bed. The forklift would likely need to travel onto 
the platform to place either the MISC or LTC rack in a position where the crane hook could 
access all positions of the cask or rack. The loading platform would need to be designed for 
these loads. A wheeled cart could also be used to transport either of the alternatives but would 
reduce the headroom under the crane hook. A gantry crane could also be used but may not be 
needed for this option alone; however, it is a viable option if a gantry crane is chosen for 
transporting other radioactive material. Air pallets or skidding systems do not offer any 
advantages over simpler systems. 


The MISC alternative could also employ any of the removal mechanisms discussed in 
Section 5.1. Assuming the MISC is heavier than the single cask and has a larger footprint, any 
wheeled cart would work well. A forklift could also work, depending on size and weight. A 
gantry crane would be a good choice, but transfer to the IFSSF would require transfer to 
another vehicle at the tunnel exit. Air pallets or skidding systems do not offer any advantages 
over simpler systems. 


5.4 Cask Transport to the IFSSF 
The INL “Big Red” forklift is the most favorable transfer vehicle for transporting the HFEF-5 Cask 
to the IFSSF. The forklift would access the end of the NRIC-LOTUS test bed tunnel to receive the 
cask from whatever material-handling system is used through the tunnel. If a lower-profile 
forklift is used in the tunnel, it could also transfer the HFEF-5 directly to the IFSSF. 


The LTC, LTCs in a rack, or the MISC, depending on weight and footprint, could all be designed 
for forklift transport to the IFSSF. This would be the simplest transfer vehicle for any alternative 
casks. Also, like the HFEF-5 Cask, the alternative cask options should be designed for overhead 
lifting for transfer in the tunnel if desired and for operations in the IFSSF. The wheeled-cart no-
rails alternative could be designed for travel all the way from the inside of the test bed, through 
the tunnel, down the ramp, and over to the IFSSF. This would be a favorable option for the 
transport of a heavy, large footprint MISC. 


Using the same transport vehicle in the tunnel to move the MISC to the IFSSF has obvious 
advantages, but vehicles with this capability may not be the best choice for transfer in the 
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tunnel. In that case, a separate outdoor vehicle would be required. A crane would be needed at 
the end of the tunnel. A crane would not be needed for moving any single cask (HFEF-5 or an 
alternative single cask). 


Inclement weather protection should be considered for loading and unloading and transporting 
materials outdoors. Safeguards and security protection could impact options for moving 
specific materials. 


5.5 Analysis of Alternatives 
5.5.1 Material Types 
It is recognized that in determining a preferred alternative for removing irradiated fuel and 
other radioactive materials, a single alternative may not be appropriate for all types of material 
to be transferred. To evaluate the alternatives, engineering judgment has been used to 
separate the materials into five material types. For example, a forklift is an unlikely candidate 
for removing the large reactor vessel, and alternatively a hydraulic skidding system is an 
unlikely candidate for removing the HFEF-5 Cask or the LTC. In comparing material transfer 
alternatives, the attractiveness of each can change based on the material to be removed. The 
five material types are as follows: 


1. The irradiated salt in the HFEF-5 and the comparable LTC (single cask only in this 
material stream). 


2. The irradiated salt in the MISC. The current concept assumes the MISC will be placed on 
a platform at the tunnel floor elevation just inside the NRIC-LOTUS test bed and can be 
loaded from above using a shielded transfer cask. The LTC could serve as the transfer 
cask. Another alternative would be to load LTCs five to a rack for transport from the 
facility. This alternative is included in this material stream due to is similar size, shape, 
and weight. 


3. The flush salts are assumed to be stored in the same FSC/FSSC as described in 
Section 3.6. 


4. Large, heavy disassembled reactor components retrieved from the reactor pit. They 
may have high or low levels of radioactivity. 


5. Low-level waste weighing less than 5 tons placed in waste containers (boxes or drums). 
The waste containers would normally be placed on a platform at the level of the tunnel 
floor to be filled with the 5-ton polar crane. This approach does not preclude placing 
waste containers at the NRIC-LOTUS test bed floor away from the tunnel opening if the 
filled container weighs less than 5 tons and the polar crane can lift the container and 
place it on the platform for removal. 


Each of the material-handling systems proposed were considered for each of the five material 
types, resulting in the elimination of some systems for some material types. The results are 
shown in Table 5-1. 
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Table 5-1. Viable Material-Handling Alternatives for Each Material Type 


 Screening by Type of Material to be Removed 
from NRIC-LOTUS 


Division of Material Types 


IS
C 


in
 H


FE
F-


5 
or


 L
TC


 
(S


in
gl


e)
 


IS
C 


in
 a


 M
ul


ti-
IS


C 
Xf


er
/S


to
ra


ge
 C


as
k 


or
 5


 
LT


Cs
 in


 a
 R


ac
k 


Fl
us


h 
Sa


lts
 


La
rg


e/
He


av
y 


(>
5 


to
ns


) 
Re


ac
to


r C
om


po
ne


nt
s 


fr
om


 th
e 


Re
ac


to
r P


it 
– 


Hi
gh


- o
r L


ow
-L


ev
el


 R
ad


 


<5
 to


n 
Co


m
po


ne
nt


s –
 


Hi
gh


- o
r L


ow
-L


ev
el


 R
ad


 


            


NRIC-LOTUS Test Bed Tunnel Transport Systems 
Investigated by BGS Design Team       
Low-Profile Forklift (Toyota THDE4000-30)    x  


        
Railed Hydraulic Lift Gantry System (Enerpac / Lift 
Systems, Inc.)      


        
Wheeled Cart on Rails       


- Pushed or Pulled with a Tug x     


- Self-Propelled x     


        
Wheeled Cart - No Rails       


- Self-Propelled for Use in Tunnel Only x     


- Self-Propelled with Pneumatic Tires That Can 
Travel Outside the Tunnel x     


        


Air Pallet x     


        


Hydraulic Skidding System x     


            
This is a viable material-handling alternative for this material type 


x   This is not a viable material-handling alternative for this material type 


The results show that for most material types, all alternatives are viable. For irradiated fuel in a 
single cask, only the forklift and the gantry crane are viable. The forklift is eliminated for the 
heavy reactor components in the reactor pit. 


5.5.2 Scoring Criteria 
Selection of the preferred alternatives for material-handling systems to be employed for the 
removal of the five material types will be based on a set of evaluation criteria. Each alternative 
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will receive a score for each criterion, normally 1–5, with the higher scores by degree to which 
the criterion is met. For some criteria, there is only a yes/no score. The scoring is binary for 
these criteria, and the number of points given can be higher or lower based on the material 
type being evaluated. For example, the ability to remove irradiated fuel and deliver it directly to 
the IFSSF or to remove other radioactive material and take it to an outdoor staging area are 
binary criteria. It is more important for the irradiated fuel where security requirements may be 
higher than for the other radioactive materials. Alternatives that do not meet the binary criteria 
receive a zero score. 


The criteria are grouped into the following categories: Personnel Safety, Handling/Load Safety, 
Radioactive Contamination Control/ALARA, Simplicity/Ease of Use, Flexibility, Reliability, 
Availability, Capital Cost, and Operating Cost.  


Electrical hazard is not ranked. Each alternative has a low probability of electrical shock, so this 
is not a discriminator when comparing alternatives. 


Criticality safety is not ranked. It is assumed that all alternatives must be safe with respect to 
criticality safety and meet regulatory requirements. It then becomes a cost issue for equipment 
cost, operating cost, etc., to meet requirements. 


Radiation safety is not ranked. It is assumed that all alternatives must be safe with respect to 
worker radiation exposure and meet regulatory requirements. It then becomes a cost issue for 
equipment cost, operating cost, etc., to meet requirements. 


Personnel Safety 


High Pressure – Alternatives that rely on high-pressure systems (e.g., hydraulic fuel or air) that 
could leak or break (e.g., hoses becoming detached) that could impact worker safety have 
lower scores. 


High Noise – Alternatives using equipment that generate noise sufficient to affect worker safety 
have lower scores. Gas- or diesel-powered equipment should score lower than others. Air 
pallets are noisy. Hydraulic systems can be noisy. 


Falling load issues – Alternatives that suspend loads or have a propensity for loads to shift or 
fall over have lower scores. 


Hand and Foot Safety – Does the alternative require hands-on operation such as applying 
hoisting and rigging? Can rolling loads impact feet? Do setup operations present an opportunity 
for injuries due to the amount of labor required? 


Handling/Load Safety 


Inherently Safe – This criterion considers loads carried and supported in such a way that the 
load is not susceptible to being dropped or falling over. A forklift operated properly would score 
higher than a crane or a cart with a load that has a high center of gravity. Alternatives that lift 
from overhead (e.g., cranes) and suspend the load would have lower scores. If additional 
controls are required to keep the load safe, the alternative would receive a lower score 
compared with alternatives that do not require additional controls. An example might be 
installation of temporary guard rails for alternatives that are not on a track and have more 
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freedom of motion. Additional structures mounted to the carts, etc., to keep the load safe 
would be another example. 


Radioactive Contamination Control/ALARA 


Probability of Becoming Contaminated – Lower scores for vehicles that enter the LOTUS test 
bed where they can become contaminated during loading. 


Consequence of Becoming Contaminated – Lower scores if vehicle moves between facilities, 
increasing the probability for spread of contamination. Lower score if more personnel contact is 
required or possible during operations. 


Ease of Decontamination – Higher score if vehicle can be moved to a decontamination station 
vs. decontamination in place. Lower score if vehicle has more parts/surfaces that must be 
decontaminated. A simple cart would be easier to decontaminate vs a forklift or a gantry crane. 
Nooks and crannies where contamination can collect is a negative. 


Simplicity/Ease of Use 


Simplicity/Ease of Use affects cost and primarily operating cost. Including this evaluation 
criterion in addition to operating cost as an evaluation criterion provides additional weighting, 
which is warranted. 


Setup Time (hours) and Number of Technicians Required – Alternatives with long preparation 
times and/or that require a higher number of technicians prior to the start of load transfer have 
lower scores. Forklift would score higher than a skidding system. 


Setup Technicians (FTEs) – There is overlap with operating cost with this measure. For 
intermittent movement of materials, more trained staff would be necessary. Availability of staff 
during double-shift operations, during vacation periods, holidays, etc., could impact operating 
schedule. Again, forklift would score higher than skidding system, air pallets, or gantry cranes.  


Operators (FTEs) – Alternatives that require more operators to move materials have lower 
scores. 


No umbilical – Air pallets, hydraulic skidding systems, and gantry cranes require an “umbilical” 
to power the system – hydraulic hoses, pneumatic hoses, and electrical power. This complicates 
moving through the tunnel when opening and closing doors. Three doors would be involved in 
transporting material out of the NRIC-LOTUS test bed —tunnel entrance outside, large shield 
door, tunnel exit at the NRIC-LOTUS test bed. Use of those systems requiring an umbilical could 
drive cost for safeguards and security when transferring specific material. 


Flexibility 


Large Load (L x W x H) Capability – Higher scores for systems that maximize the use of the 
tunnel access height and width. Higher scores for vehicles that can move objects with a large 
footprint. This measure is not used as a discriminator for irradiated salts or flush salts because 
there are no loads that challenge any alternative. 


Large Load Weight Capability – Scoring based on the alternative’s ability to handle large loads 
with respect to weight. Higher scores for alternatives that can move very heavy loads, e.g., 
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> 30 tons. Higher scores for systems that can move the reactor module, which has been 
recognized as likely the largest object to be removed. 


Uneven Load Distribution – Scoring based on the alternative’s ability to handle large loads with 
respect to uneven load distribution. This criterion is not a discriminator for the removal of 
irradiated salts or flush salts where loads will be distributed evenly. For other radioactive 
material loaded into boxes or liners, loads could be unevenly distributed. Higher scores for flat 
beds that support more of the load footprint. 


Low Profile/High Headroom – This measure is an important discriminator for a very large load 
12.5 ft high x 12.5 ft wide x 20 ft long and weighing 30 tons or more that may be moved. If this 
is a valid requirement, it becomes a discriminator that eliminates many alternatives. Therefore, 
the ability to move a load of this magnitude is heavily weighted. The scoring is binary (1 or 0) 
based on whether the systems can or cannot move such a large load. 


Ability to Transfer Load Directly to IFSSF (for ISCs or flush salts) or to Transport Box/Liner to the 
Transport Container Outside [for other radioactive material (ORM)] – This is a binary score. 
Either the load can or cannot be directly transferred. The scoring weight for each material type 
may be different depending on the perceived impact to operations. 


Ability to Raise and Lower Load – This is a binary score. Either the load can or cannot be raised 
or lowered. The scoring weight for each material type may be different depending on the 
perceived impact on operations. For example, being able to raise the load for placement on a 
truck trailer has a positive impact on operations. 


Reliability 


Equipment Failure Modes (EFM) – More complex systems have lower scores. 


History of Use for Similar Operations – Alternatives that have a long history of use for similar 
operations have higher scores. 


Availability 


Cycle Time for Setup – Alternatives that require longer setup times have lower scores. 


Cycle Time for Operation – Alternatives that require longer cycle times for movement of 
materials have lower scores. 


Capital Cost 


Construction Cost – Alternatives that result in higher construction costs have lower scores. 
Railed systems have higher construction costs. Alternatives that require very flat floors or 
polished surfaces (e.g., air pallets) have lower scores.  


Equipment Cost – Alternatives with high capital equipment costs have lower scores. As an 
example, the skidding system is assumed to be rented rather than purchased and has the 
lowest capital cost and the highest score. 
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Operating Cost 


Operations Man-hours – The number of operators required for removal and cycle times for 
removal increases the operating man-hours. Alternatives with removal operations that are 
more complex, requiring more operators and longer cycle times, have lower scores. 


Safeguards and Security – Alternatives that require a higher security presence for longer 
periods of time have lower scores. For example, the hydraulic skidding system will have a 
longer setup time and removal time and the tunnel may remain open for long periods that 
could last for several days. Security doors and the shield doors cannot be closed without 
removing portions of the hydraulic skidding the system. For comparison, a forklift can leave the 
tunnel, and the tunnel can be closed between material transfers. Also, once the forklift enters 
the tunnel, the exterior security door can be closed. As the forklift removes material and the 
forklift with its load is traversing the tunnel, the interior security door can be closed. 


Utilities and/or Equipment Rental – Alternatives with high utility costs or equipment rental 
costs have lower scores. 


The scoring range for each criterion can be different (e.g., 1–5, 1–4, 1–3, or 0–1). Thus, for 
example, for the “high-pressure” criterion, the scoring range is from 1 to 3, and there is text 
provided for discriminating for a score of a 4 or 5. The weighting can be different for each 
criterion depending upon importance. The scoring ranges, scoring definitions, and weighting 
are shown in  


Table 5-2.  Not all criteria are discriminators for each material stream and receive no score.   


Table 5-2. Scoring Range and Weighting by Criteria 


Differentiator Scoring Scale Weighting 
5 4 3 2 1 0  


Pe
rs


on
ne


l S
af


et
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High Pressure   No high pressure 
systems 


High pressure systems 
(incompressible fluids 
only) 


High pressure systems 
(incompressible fluids 
and compressed air or 
gas) 


 1 


High Noise   No hearing 
protection 
required 


Hearing protection 
required for rotating 
machinery or 
combustion engine 
noise 


Hearing protection 
required for rotating 
machinery, combustion 
engine, or compressed 
gas noise 


 1 


Falling Loads  No 
suspended 
Loads 


Suspended loads 
for short period 


Suspended loads for 
intermittent periods 


Continuously 
suspended Loads 


 1 


Hand & Foot Safety   No rolling loads Minimum exposure to 
rolling loads 


Significant exposure to 
rolling loads 


 1 


Ha
nd


lin
g/


 
Lo


ad
 


Sa
fe


ty
 


 


Inherently Safe   High degree of 
inherent safety – 
no controls 
required 


Medium degree of 
inherent safety—some 
controls needed 


Controls required for 
safe operations 


 1 
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Differentiator 
Scoring Scale Weighting 


5 4 3 2 1 0  
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Probability of 
Becoming 
Contaminated 


  Low Probability of 
Becoming 
Contaminated 


Medium Probability of 
Becoming 
Contaminated 


High Probability of 
Becoming 
Contaminated 


 1 


Consequence of 
Becoming 
Contaminated 


  Low Probability of 
spreading 
Contamination 


Medium Probability of 
spreading 
Contamination 


High Probability of 
spreading 
Contamination 


 1 


East of 
Decontamination 


  Easily 
Decontaminated in 
Place 


Decontaminated In 
Place 


Decontamination 
Station Required 


 1 
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Set-up Time/ 
Technicians 


  No set-up time 
required (e.g., 
using a forklift) 


Some set up time 
needed with several 
technicians 


Significant set up time 
with many technicians 


 1 


Operators   Minimum # (2) of 
required operators 


More than 2 operators 
required 


More than 5 operators 
req’d 


 1 


Unbilical Required  No umbilical 
required 


Only electrical 
power – e.g., crane 
rail power 


Only compressed air 
required 


Hydraulic system 
required 


 1 


Fl
ex


ib
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ty
 


Large Load (L x W X 
H) capability 


Unlimited 
except by 
tunnel 
dimensions 


Limited only 
by height 


Limited by length 
(e.g. forklift limits 
length) 


Limited by more than 
one dimension 


Limited in all 
dimensions 


 1 


Large Load Weight 
capability 


>40 ton 
capability 


≤ 40 ton 
capability 


≤ 20 ton capability ≤ 10 ton capability ≤ 5 ton capability  1 


Uneven Load 
Distribution 


  Can easily handle 
unevenly distribute 
loads (e.g., flat 
bed) 


Som unevenness ok, 
or placement of 
objects must be 
managed to make load 
even 


Not appropriate for 
unevenly distributed 
loads 


 1 


Low Profile/High 
headroom 


    Can transfer 
12.5’Hx12.5’Wx20’L 
Loads 


Cannot Transfer 
12.5’Hx12.5’Wx20’L 
Loads 


10 


Ability to Transfer 
Load Directly to 
IFSSF (for ISCs or 
flush salts) or to 
transport container 
to waste 
accumulation area 
(for ORM) 


    Has capability Does not have 
capability 


3 


Ability to raise and 
lower load 


    Has capability Does not have 
capability 


2 


Re
lia


bi
lit


y 


Equipment Failure 
Modes (EFM) 


  Low # of failure 
modes (based on 
complexity of 
system) 


Medium # of failure 
modes (based on 
complexity of system) 


High # of failure modes 
(based on complexity 
of system 


 1 


History of Use for 
similar operations 


  Significant history 
with daily use for 
many years 


Long history with 
regular use currently 


Unique system with 
short history and low 
use currently 


 1 
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Differentiator 
Scoring Scale Weighting 


5 4 3 2 1 0  


Av
ai
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Cycle Time for Set-
up 


< 1 hour < 3 hours < 8 hours < 1 day (multiple 
shifts) 


> 1 day  1 


Cycle Time for 
Operations 


< 1 shift < 2 sift < 2 days < 5 days 1 week or more  1 


Af
fo


rd
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ty


 
(C
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ita


l C
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t)
 


Construction Cost No additional 
construction 
cost 


≤ $250K ≤ $500K ≤ $1M > $1M  1 


Equipment Cost ≤ $100K ≤ $250K ≤ $500K ≤ $1M > $1M  1 


Af
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rd
ab
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ty


 
(O
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ra
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g 


Co
st
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Operation 
Manhours 


1 operators ≤ 
8 hours 


2-4 
operators, ≤ 
2 shifts 


2-4 operators, ≤ 1 
day (3 shifts) 


2-4 operators, ≤ 2 days > 4 operators, > 2 days  1 


Security 
Requirements 


Minimum 
security force, 
1 shift or less 


Minimum 
security 
force, 2 
shifts or less 


Moderate security 
force, 3 shifts or 
less 


Moderate security 
force, 2 days or less 


Significant security 
forces, > 2 days 


 1 


Utilities and 
Equipment Rental 


No rental 
equipment 
needed, some 
electrical 
power needed 


Some 
equipment 
needed for 
minimum 
time, some 
electrical 
utility 
needed 


Some equipment 
needed for 
moderate time, 
some electrical 
utility need 


Significant equipment 
needed for moderate 
time, more than 
electrical power 
needed 


Significant equipment 
needed for significant 
time, more than 
electrical power 
needed 


 1 


 


 


5.5.3 Alternatives Scoring for Each Material Type 
ISC in HFEF-5 or LTC (Single) 


For transfer of these two single ISC casks, only the forklift and the overhead crane were 
screened as viable options. The HFEF-5 Cask is designed specifically for handling by a forklift or 
overhead lift system. The LTC has a similar design with features for forklift and overhead lift 
handling. The forklift has a clear advantage regarding simplicity/ease of use, flexibility, capital 
cost, and operating cost categories. The scoring is shown in Table 5-3. 
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Table 5-3. Scoring for the ISC in the HFEF-5 or LTC (Single) 


 


 


ISCs in a Multi-ISC Transfer/Storage Cask or Five LTCs in a Rack 


The current concept for the MISC is that it can be loaded with seven ISCs. The MISC is much 
shorter than the HFEF-5 and 8 in. shorter than the LTC with a much larger footprint. Therefore, 
seismic stability is not an issue. The MISC concept is designed for overhead lifting and forklift 
lifting and transport. Therefore, any transport system is viable. Five rack-mounted LTCs are 
similar to the MISC. They are not tall and have a wide footprint and can be designed for 
overhead lifting or forklift lifting and transport. Again, the forklift has a clear advantage for 
transporting these items that weigh less than 40,000 lb. The scoring is shown in Table 5-4.  
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Table 5-4. Scoring for the ISCs in a MISC or LTCs in a Rack 


 


 


 


Flush Salts 


Flush salts may be stored in the IFSSF (baseline) or in the NRIC-LOTUS test bed until such time 
they have been sampled and declared to not be specific material. It is assumed that they will be 
removed from the reactor system through the hot cell and will have a container size and weight 
similar to that of the ISC. Once ready for transport out of the NRIC-LOTUS test bed, a rack that 
can hold several flush salt containers (FSCs) will be used for transport. The rack will have 
handling features for forklift transport, features for overhead crane lifting, and a wide base for 
seismic stability. All transport alternatives are viable for such a cart. Once again, the forklift 
provides the simplest, most flexible, and lowest operating cost alternative. The scoring is shown 
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in 
Table 5-5. 


Table 5-5. Scoring for Flush Salts  


 


 


Large/Heavy (>5 tons) Reactor Components from the Reactor Pit – High- or Low-Level Radiation 


The operations to remove large/heavy loads from the reactor pit will be much more complex 
and time-consuming. The requirements for weight and size eliminate the forklift from 
consideration. All other options are viable with the following assumption. Removal of any of 
these components, particularly the reactor vessel, will not require the availability of the full 12-
ft-6-in.-tall height in the tunnel. This would allow heavy-duty wheeled carts and gantry cranes 
to be used. In this scenario the self-propelled cart that can travel outside receives the highest 
score. If this is not a valid assumption, then only very low-profile systems would be viable and 
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only the hydraulic skidding system and possibly the air pallet would be viable alternatives. In 
this scenario the skidding system is slightly favored. The scoring is shown in . 


 


Table 5-6. Scoring for Large/Heavy (>5 tons) Reactor Components 


 


Components <5 tons – High- or Low-Level Radiation 


The remaining other radioactive materials to be removed are not well defined. The total 
volume, weight, and individual sizes are not yet known but are assumed to be small enough to 
fit in standard waste containers currently used at the INL site. These containers vary in size 
from 18 ft3 to 225 ft3. The smallest container, CO018, has a 3-ft-square footprint and is 2 ft tall 
with a waste volume of 18 ft3.  
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The largest container, CO225, is approximately 9.5 ft long, 5.5 ft wide, and 6 ft tall. It has a 
payload capacity of 45,000 lb and 225 ft3. This weight exceeds the capacity of the low-profile 
forklift under consideration but could be used for large components that do not exceed forklift 
capacity. Other containers are identified as CO045, CO090, and CO145 with waste volumes of 
45, 90, and 145 ft3, respectively. The CO145, the second largest container, has a load capacity of 
20,000 lb and can be transported with the forklift. All containers are designed for forklift 
handling. For this reason, the simplicity and flexibility of the forklift and particularly its ability to 
lift a waste container, remove it from the NRIC-LOTUS test bed, and place it on a flat-bed trailer 
result in the highest score for the forklift alternative. The scoring is shown in  


Table 5-7. Scoring for <5-ton Components. 


Table 5-7. Scoring for <5-ton Components 
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5.6 Preferred Alternatives 
Following analyses of the options for the removal of other radioactive materials (Section 5.1), 
the three cask options (Sections 5.2 and 5.3), and transfer to the IFSSF (Section 5.4), the options 
were evaluated and scored based on the criteria as presented in Section 5.5. 
 
Table 5-8 summarizes the results from the trade studies of alternatives for the removal of each 
of the material streams, indicating the preferred removal alternative and the justification for 
choosing the removal method. 


Table 5-8. Preferred Alternatives for Material Handling and Transport 


Material Stream Preferred Alternative Justification 
ISC in HFEF-5 or LTC 
(Single) 


Low-Profile Forklift Both single cask alternatives are designed for 
forklift transport. Forklift can raise or lower the 
load, which may be an advantage in the IFSSF. 
Forklift can transfer all cask alternatives directly 
to the IFSSF with no interim handling required. 


ISC in Multi-7 or LTCs in 
Rack 


Low-Profile Forklift Both alternatives, MISC and 7 LTCs in a rack, are 
designed for forklift transport. Forklift can raise or 
lower the load, which may be an advantage in the 
IFSSF. Forklift can transfer all cask alternatives 
directly to the IFSSF with no interim handling 
required. 


Flush Salts in Rack Low-Profile Forklift Flush salts will most certainly be transported in a 
rack with multiple containers, reducing the 
number of trips to the IFSSF. The rack is designed 
for forklift transport. Forklift can raise or lower 
the load, which may be an advantage in the IFSSF. 
Forklift can transfer the rack directly to the IFSSF 
with no interim handling required. 


Large/Heavy (>5 tons) 
Reactor Components 
from the Reactor Pit – 
High- or Low-Level 
Radiation 


Skidding system or 
wheeled cart 


The reactor vessel (and perhaps other 
components) is assumed to be a dimensionally 
large and heavy loads. The height may preclude 
any alternative other than the skidding system. If 
height of component is not limiting, then wheeled 
carts are viable for large, heavy loads.  


<5-ton Components – 
High- or Low-Level 
Radiation 


Low-Profile Forklift It is assumed that there will be many LLW 
components small enough to fit in standard INL 
waste containers. These containers are designed 
for forklift transport. The forklift has the added 
advantage of being able to lift waste containers 
on to flatbed trailers or to drive into end-loaded 
cargo containers. No interim handling required. 
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6 CONCEPT OF OPERATIONS FOR FUEL AND OTHER 
RADIOACTIVE MATERIALS REMOVAL  


6.1 HFEF-5 
Table 6-1 presents the concept of operations proposed for the HFEF-5 option. This is the 
baseline option as originally conceived by the INL-NRIC-LOTUS project team. In this option, the 
HFEF-5 Cask is used to transfer an ISC inside an outer container (OC) to the IFSSF. The OC, which 
comprises the storage unit, is transferred from the hot cell to the HFEF-5 in a transfer pig that 
remains in the NRIC-LOTUS test bed cell. The OC is a steel cylinder with a lid that is bolted and 
sealed with a spring-energized metal c-ring. The OC lid contains a port for evacuation, helium 
leak testing, and inert gas backfill. The transfer pig is a simple open-top steel cylinder with no 
lid. Lifting lugs are provided for handling, but the pig is not lifted during loading. Figure 6-1, 
provides the corresponding updated process flowchart. 


Table 6-1. Concept of Operations for HFEF-5 Option 
 


Action Comment 
Preparation 


1 The cart with scissor lift, outer 
container (OC) and pig are staged 
in advance. 


There is a contamination seal between the outer 
container and the pig or a rubber skirt around 
that top of the OC that will be attached to the 
docking port of the hot cell. 


2 Install a platform to support the 
HFEF-5 Cask for loading the loaded 
fuel can from below. 


The loading platform is set high enough that the 
pig on the cart can clear any of the platform’s 
support structure. The deck is equipped with fixed 
shielding on two sides and moveable shielding on 
the side where the pig will enter. 


3 Initiate security controls for 
opening the tunnel. 


The shield blocks will need to be removed and 
tunnel doors opened to transfer the HFEF-5 Cask 
into the NRIC-LOTUS test bed cell. 


Operations 
4 Transfer the HFEF-5 Cask into the 


NRIC-LOTUS test bed cell through 
the NRIC-LOTUS test bed 
equipment access tunnel, raised, 
and staged on the loading 
platform. 


It is presumed that this transfer will be performed 
using a forklift. Modeling confirms that the 
HFEF-5 can be raised into position on the platform 
using a proposed low-profile forklift. 
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Action Comment 


5 The cart with the pig and OC is 
transferred to a position under the 
hot cell to receive the ISC. 


Ensure that the ISC has cooled and solidified prior 
to transfer. 


6 The pig with the OC is raised via 
scissor lift on the cart to docking 
station below the hot cell. 


The shield plug for the OC will be installed from 
inside the hot cell. 


7 The ISC is lowered into the OC and 
the shield plug installed. 


After the shield plug is installed, the docking port 
is closed from inside the hot cell. 


8 The pig is undocked from the hot 
cell, lowered, and transferred to an 
intermediate area. 


After the pig has been moved from under the hot 
cell, remove the contamination seal (or skirt) and 
perform any decontamination activities of the OC. 


9 The lid is installed on the OC. Helium backfill and leak detection will be 
performed at this time. 


10 The cart with the pig and OC 
(loaded with the ISC) is transferred 
to a position under the platform 
with the HFEF-5 Cask. 


The top and bottom transfer gates on the HFEF-5 
are in the open position for receiving the OC. 


11 A cable attached to the polar crane 
is lowered through the HFEF-5 and 
attached to lifting ring on the OC 
lid. 


The loading platform’s moveable shielding is put 
into place. The shielding blocks the gap between 
the top of the pig and the bottom of the HFEF-5 
when the OC is lifted out of the pig. 


12 The polar crane lifts the OC into the 
HFEF-5. 


The bottom gate is closed after the OC is in 
position in the HFEF-5; then the lifting cable is 
removed, and the top gate closed. 


13 The HFEF-5 is removed from the 
Loading Platform and transferred 
out through the access tunnel to 
the IFSSF. 
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Figure 6-1. Process Flow for HFEF-5 Option 


6.2 Light Transfer Cask (LTC)  
Table 6-2 presents the concept of operations for the LTC option. This option was developed 
because the shielding requirements for the irradiated fuel salt would not require the heavy 
shielding of the HFEF-5 Cask (8.5-in.-thick walls of lead). The OC is identical to the container 
used for the HFEF-5 option. No transfer pig is required for this alternative, and the LTC is light 
enough to be lifted with the NRIC-LOTUS test bed polar crane and short enough to be docked 
below the hot cell for direct loading. The transfer LTC is a simple all-steel construction having an 
open top with an unsealed lid and bottom sliding gate for loading into the vault at the IFSSF. 
The bottom gate remains closed during removal operations in the NRIC-LOTUS test bed cell. 
Figure 6-2 provides the corresponding Process Flow Diagram (PFD) / Process Flow Chart (PFC). 


Table 6-2. Concept of Operations for LTC Option 
 


Action Comment 
Preparation 


1 The cart with scissor lift is staged in 
advance in the NRIC-LOTUS test 
bed cell for receiving the LTC. 


 


2 The outer container is staged in the 
LTC. 


There is a contamination seal between the OC and 
the LTC or a contamination skirt on the OC that will 
be attached to the docking port of the hot cell. 


3 Initiate security controls for 
opening the tunnel. 


The shield blocks will need to be removed and 
tunnel doors opened to transfer the LTC(s) into the 
NRIC-LOTUS test bed cell. 
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Action Comment 


Operations 
4 Transfer the LTC into the NRIC-


LOTUS test bed cell through the 
NRIC-LOTUS test bed equipment 
access tunnel. 


It is presumed that this transfer will be performed 
using a forklift. The LTC is staged on a stationary 
loading platform at the tunnel floor elevation. 


5 The LTC is lowered to cart on the 
NRIC-LOTUS test bed trench level 
by the polar crane. 


 


 6 The cart with the LTC and OC is 
transferred to a position under the 
hot cell to receive the ISC. 


Ensure that the ISC has cooled and solidified prior 
to transfer. 


7 The LTC with the OC is raised via 
scissor lift on the cart to docking 
station below the hot cell. 


The shield plug for the OC will be installed from 
inside the hot cell. 


8 The ISC is lowered into the OC and 
the shield plug installed. 


After the shield plug is installed, the docking port is 
closed from inside the hot cell. 


9 The LTC is undocked from the hot 
cell, lowered, and transferred to an 
intermediate area. 


After the LTC has been moved from under the hot 
cell, remove the contamination seal (or skirt) and 
perform any OC decontamination activities. 


10 The lid is installed on the OC. Helium backfill and leak detection will be 
performed at this time. 


11 The lid is installed on the LTC. Note that the lid on the LTC is not sealed. 
12 The loaded LTC is staged to the 


side in the NRIC-LOTUS test bed. 
Note that up to five LTCs will be accumulated for 
transfer out of the NRIC-LOTUS test bed cell in 1 
day. 


13 The loaded LTCs are transferred 
out through the access tunnel to 
the IFSSF. 


The LTCs are lifted from temporary storage in 
NRIC-LOTUS to a transfer skid (integrated locking 
rack and pallet system) on a loading platform at 
the tunnel entrance.  
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Figure 6-2. Process Flow for LTC Option 


6.3 MISC Storage Cask 
Table 6-3 presents the concept of operations for using the MISC transfer and storage cask. The 
MISC is a small version of the dry storage casks used for commercial LWR storage. The MISC 
serves both for transfer operations and long-term storage of the ISCs. The advantages of the 
MISC are that (1) it allows seven ISCs to be transferred out of the NRIC-LOTUS test bed to the 
IFSSF in one transfer and (2) it serves as the storage unit within the IFSSF. Figure 6-3 provides a 
corresponding process flow chart. 


Table 6-3. Concept of Operations Conduct for Multi-ISC Storage Cask Option 
 


Action Comment 
Preparation 


1 The cart with scissor lift, inner 
container (IC) and transfer pig are 
staged in advance. 


The IC is staged in the transfer pig. There is a 
contamination seal between the IC and the pig or a rubber 
skirt around that top of the IC that will be attached to the 
docking port of the hot cell. 


2 Initiate security controls for opening 
the tunnel. 


The shield blocks will need to be removed and tunnel doors 
opened to transfer the MISC storage cask into the NRIC-
LOTUS test bed cell. 


Operations 
3 Transfer the MISC storage cask into 


the NRIC-LOTUS test bed cell 
through the NRIC-LOTUS test bed 
equipment access tunnel. 


It is presumed that this transfer will be performed using a 
forklift. The MISC storage cask is staged on a stationary 
loading platform at the tunnel floor elevation. 
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Action Comment 


4 Alignment fixture is installed on top 
of MISC storage cask. 


The alignment fixture is used for transfer of the loaded ISCs 
into the storage cask. 


5 The cart with the pig and IC is 
transferred to a position under the 
hot cell to receive the ISC. 


Ensure that the ISC has cooled and solidified prior to 
transfer. 


6 The pig with the IC is raised via 
scissor lift on the cart to docking 
station below the hot cell. 


The IC’s shielded cover with a hoist ring will be installed 
from inside the hot cell. 


7 The ISC is lowered into the IC and 
the shielded cover installed. 


After the shielded cover is installed, the docking port is 
closed from inside the hot cell. 


8 The pig is undocked from the hot 
cell, lowered, and transferred to an 
intermediate area. 


After the pig has been moved from under the hot cell, 
remove the contamination seal (or skirt) and perform any 
IC decontamination activities. Ensure shielded cover is 
secured on the IC. 


9 The transfer pig is connected to the 
polar crane hook by a three- or four-
legged sling. 


Limited headroom may require a spreader beam rather 
than a bridle. 


10 The polar crane lifts the transfer pig 
and sets it onto the alignment 
fixture on the MISC storage cask. 


The transfer pig has a sliding bottom gate to allow for 
transfer of the ISC into the MISC storage cask. 


11 The polar crane is disconnected 
from the transfer pig; then a cable is 
installed between the crane hook 
and the inner container lid’s hoist 
ring. 


 


12 The IC is lifted slightly, and the 
bottom gate of the transfer pig is 
opened. 


 


13 The IC is lowered into the MISC 
storage cask. 


The lifting cable is removed from the polar crane after the 
IC is lowered into the storage cask. 


14 The transfer pig is reconnected to 
the polar crane hook and slings and 
returned to the cart. 


The bottom gate is closed on the transfer pig after it is on 
the cart; then the hoist ring and cable are removed from 
the IC. 


15 The above processes are repeated 
until all compartments of the MISC 
storage cask are loaded. 


 


16 The alignment fixture is removed 
from the MISC storage cask. 


Store the alignment fixture in the NRIC-LOTUS test bed cell 
for loading additional MISC storge casks. 


17 The MISC storage cask lid is 
installed, bolted, and leak tested. 
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Action Comment 


18 The MISC storage cask is transferred 
out through the access tunnel to the 
IFSSF. 


 


 
Figure 6-3. Process Flow for MISC Storage Option 


6.4 Reactor Components Less Than 5 Tons 
Table 6-4 presents the concept of operations for reactor components weighing less than 5 tons. 
Figure 6-4 provides the corresponding process flowchart. This description assumes that there is 
sufficient room in containment to position and load both waste liners and the outer container. 
See Section 2.6, item 9 for a discussion of possibly loading the liners into the containers outside. 


Table 6-4. Concept of Operations for Reactor Components Less Than 5 Tons 
 


Action Comment 


Preparation 


1 Install a waste handling crane 
capable of lifting loaded waste 
liners into the waste containers. 


This assumes that such a crane is not provided for the reactor 
decommissioning itself. 


2 Install a loading platform to 
support the waste containers at 
the level of the tunnel. 


Even if the loading does not take place on this platform, it will be needed 
to stage the liners and waste packages for lifting to the NRIC-LOTUS 
test bed containment floor. 


3 Stage empty waste liners and 
covers in the NRIC-LOTUS test 
bed containment. 


These liners could be vertical cylinders for loading into Type A transport 
packaging or rectangular liners for industrial packaging or ISO cargo 
containers. 
The transfer system could be a low-profile forklift, skidding system, self-
propelled modular transporter, etc. Tunnel operations, such as door 
closing and opening sequences, are assumed to be addressed elsewhere. 
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Action Comment 


4 Waste segregation by the reactor 
decommissioning contractor 
materials & fuels complex (MFC) 
dedicated D&D crew. 


Possible categories: 
*Low specific activity (LSA-I) waste 
*LSA-II waste can be shipped in IP-2 containers immediately 
*Waste that exceeds LSA-I or LSA-II limits but does not exceed total 
activity A2 (Appendix A, Table A-1 of 10 CFR 71) can be shipped 
immediately in type A packaging. 
*Waste that exceeds activity of A2 would been stored onsite until it 
decays to the point at which the total activity is below A2 and it can be 
shipped in a Type A packaging. Storage could be in a *Type A packaging 
or a cargo container with later transfer to a Type A packaging. 
*Mixed low-level waste. 


5 Waste containers will be filled 
and closed by the reactor 
decommissioning contractor. 


The reactor designer is responsible for all the remote tooling and rigging 
associated with disassembly and handling of the reactor components. 
MFC dedicated D&D crew to coordinate with Waste Generator Services 
(WGS) and Transportation and Packaging. 


Operations 
6 RAD CON to perform entry 


external and internal surveys and 
smears to ensure clean exterior 
and interior on the container. 


The containers may be end loading or top loading, depending on the 
handling of the liners. Type A packages are typically top-loading 
cylindrical vessels. Typical cargo containers 20 ft x 9 ft high x 8 ft 6 in. 
wide may serve as waste containers for onsite storage. They may also 
serve as IP-2 transport packages, if together with the liners and their 
contents they meet the requirements of 49 CFR 173-411(6). 


7 Transfer the waste container 
through the NRIC-LOTUS test 
bed tunnel to the NRIC-LOTUS 
test bed containment and onto 
the loading platform. 


See the note above about the transfer system and tunnel operations. 


8 If necessary, use the waste-
handling crane to move the 
waste container to the NRIC-
LOTUS test bed floor. 


This could be required if the waste container is end loaded, or if there is 
insufficient headroom for top loading the container while it is on a 
platform at the level of the tunnel. 


9 Open the waste container and 
place the loaded waste liners into 
the waste container; then close 
the waste container. 


If necessary, lift the waste container onto the platform at the tunnel 
level. 


10 RAD Con to perform exit external 
surveys and smears to ensure 
clean exterior on the waste 
container.  


 


11 Transfer the waste container out 
through the NRIC-LOTUS test 
bed tunnel. 


 


12 Transfer the waste container to 
onsite storage or to a vehicle for 
offsite shipment. 


If a forklift or self-propelled modular transporter carried the package 
through the NRIC-LOTUS test bed tunnel, it can be used for the 
continued transfer. If the skid system was used through the tunnel, at 
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Action Comment 


the exit the waste container can be lifted by crane and slings onto the 
appropriate transfer or transport vehicle.  
A crane will likely be needed at the storage area to unload the waste 
package and place it in the storage location. A crane will likely be needed 
to place an IP-1, IP-2, or Type A packaging on a transport vehicle. 


 


 


 


Figure 6-4. Process Flow for Non-Fuel Disposal 


6.5 Flush Salt Removal 
Table 6-5 presents the concept of operations for removing the flush salts from the NRIC-LOTUS 
test bed. Figure 6-5 provides the corresponding process flowchart. It is anticipated that the 
flush salts will be collected in the same type containers as the irradiated salts. It is also 
anticipated that the dose rates on the flush salts will be low enough that robust shielding and 
remote-handling operations may not be required; however, security requirements may require 
robust storage until the presence (or lack thereof) of special nuclear material is confirmed. The 
flush salts collected in the Flush Salt Containers (FSCs) will be placed in Flush Salt Secondary 
Containers (FSSCs) using the concept of a transfer pig on a cart; however, the primary need for 
the pig is to hold the FSSC upright while docking below the hot cell. The FSSCs will be placed in 
a storage rack and transported to the IFSSF. 
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Table 6-5. Concept of Operations for Removal of Flush Salt 
 


Action Comment 
Preparation 


1 The cart with scissor lift, transfer 
pig, Flush Salt Secondary Container 
(FSSC), and storage racks for 
holding FSSCs are staged in 
advance in the NRIC-LOTUS test 
bed cell for receiving the flush 
salts. 


 


2 The FSSC is staged in the transfer 
pig on the cart. 


There is a contamination seal between the FSSC or 
a contamination skirt on the FSSC that will be 
attached to the docking port of the hot cell. 


Operations 
3 The cart with the FSSC is 


transferred to a position under the 
hot cell to receive the flush salts in 
the Flush Salt Container (FSC). 


Ensure that the FSC has cooled and solidified prior 
to transfer. 


7 The FSSC is raised via scissor lift on 
the cart to docking station below 
the hot cell. 


No shield plug is required for the flush salts. 


8 The FSC containing the flush salt is 
lowered into the FSSC. 


After the transfer, the docking port is closed from 
inside the hot cell. 


9 The FSSC is undocked from the hot 
cell, lowered, and transferred to an 
intermediate area. 


After the FSSC has been moved from under the hot 
cell, remove the contamination seal (or skirt) and 
perform any FSSC decontamination activities. 


10 The lid is installed on the FSSC. The FSSC is a thin-walled container with lid that is 
not sealed but secured to the body sufficiently for 
lifting. 


11 The FSSC with the flush salt is 
transferred to a storage rack in the 
NRIC-LOTUS test bed cell with the 
polar crane. 


The storage rack can hold up to seven FSSCs. Each 
rack would include lift points for lifting as well as 
forklift slots. 


12 Repeat the process until all of the 
storage rack is full. 


The storage racks with the FSSCs could be stored in 
the NRIC-LOTUS test bed cell until ready to 
transfer. 


13 Initiate security controls for 
opening the tunnel. 


The shield blocks will need to be removed and 
tunnel doors opened to transfer the FSCs from the 
NRIC-LOTUS test bed cell. 


14 The storage rack containing the 
loaded FSSCs with the flush salts is 


The flush salts are to be treated as specific security 
posture material until sampling confirms 
otherwise. 
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Action Comment 


transferred out through the access 
tunnel. 


 


 


 


Figure 6-5. Process Flow for Flush Salt Removal 


6.6 Large, Heavy Reactor Components 
Table 6-6 presents the concept of operations for removal of heavy reactor components 
weighing greater than 5 tons. These large components would include shield blocks and the 
reactor vessel. As the large items may be too big for loading into waste containers in the NRIC-
LOTUS test bed, they will be packaged for contamination control and placed on carts for 
transfer outside to be loaded into waste containers. It is assumed that the hot cell and hot cell 
systems are retained for future use. Figure 6-6 provides the corresponding process flow chart. 


Table 6-6. Concept of Operations for Heavy Reactor Components Disposal 
 


Action Comment 


Preparation 


1 Install a waste-handling crane 
capable of lifting large items and 
loaded waste liners into the waste 
containers. 


A crane will be required on both the outside of the facility 
as well as in the NRIC-LOTUS test bed Cell. The outside 
crane could be a temporary gantry crane or mobile crane. 


2 Install a loading platform to support 
waste package transfers at the level 
of the tunnel. 


The loading platform will allow for these large components 
to be placed onto a cart or skidding system for transfer out 
of the facility. 
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Action Comment 


3 Stage empty waste liners and covers 
in the NRIC-LOTUS test bed 
containment. 


These liners for large components would be rectangular 
liners for industrial packaging or ISO cargo containers. 
The transfer system could be a low-profile forklift, skidding 
system, self-propelled modular transporter, etc. Tunnel 
operations, such as door closing and opening sequences, 
are assumed to be addressed elsewhere. 


4 Waste segregation by the reactor 
decommissioning contractor 
materials & fuels complex (MFC) 
dedicated D&D crew. 


Possible categories: 
*Low specific activity (LSA-I) waste 
*LSA-II waste can be shipped in IP-2 containers 
immediately 
*Waste that exceeds LSA-I or LSA-II limits but does not 
exceed total activity A2 (Appendix A, Table A-1 of 10 CFR 
71) can be shipped immediately in type A packaging. 
*Waste that exceeds activity of A2 would been stored 
onsite until it decays to the point at which the total activity 
is below A2 and can be shipped in a Type A packaging. 
Storage could be in a *Type A packaging or a cargo 
container with later transfer to a Type A packaging. 
*Mixed low-level waste. 


5 Waste containers will be filled and 
closed by the reactor 
decommissioning contractor. 


The reactor designer is responsible for all the remote 
tooling and rigging associated with disassembly and 
handling of the reactor components. 
MFC dedicated D&D crew to coordinate with Waste 
Generator Services (WGS) and Waste Transportation. 
Operations 


6 The large items will be lifted and 
placed in liners or wrapped in 
Herculite for contamination control. 


 


7 The large items will be placed on a 
transfer system for moving outside. 


The transfer system could be a low-profile forklift, skidding 
system, self-propelled modular transporter, etc. 


8 RAD CON to perform surveys and 
smears to ensure clean exterior of 
the large items. 


 


9 Transfer the large waste items out 
through the NRIC-LOTUS test bed 
tunnel. 


 


10 Using gantry or mobile crane, place 
the waste items into the appropriate 
waste container. 


Typical cargo containers 20 ft x 9 ft high x 8 ft 6 in. wide 
may serve as waste containers for on-site storage. They 
may also serve as IP-2 transport packages, if together with 
the liners and their contents they meet the requirements 
of 49 CFR 173-411(6). Note that an additional liner may be 
staged in the container prior to adding the large waste 
items. 


11 Transfer the waste container to 
onsite storage or to a vehicle for off-
site shipment. 


If a forklift or self-propelled modular transporter carried 
the package through the NRIC-LOTUS test bed tunnel, it 
can be used for the continued transfer. If the skid system 
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Action Comment 


was used through the tunnel, at the exit the waste 
container can be lifted by crane and slings onto the 
appropriate transfer or transport vehicle.  
A crane will likely be needed at the storage area to unload 
the waste package and place it in the storage location. A 
crane will likely be needed to place an IP-1, IP-2, or Type A 
packaging on a transport vehicle. 


 


Figure 6-6. Process Flow for Heavy Reactor Components Removal 
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7 PREFFERED ALTERNATIVE FOR FUEL REMOVAL  
In Section 3 alternatives were discussed for fuel transfer casks and fuel transfer/storage casks. 
For the three cask alternatives identified, there are associated operations for positioning and 
loading ISCs into each cask. Likewise, alternatives were identified for various material-handling 
processes (including equipment and methods) as presented in Section 5 to transport each cask 
alternative from the loading platform in the NRIC-LOTUS test bed through the tunnel and 
ultimately to the IFSSF. The first three subsections of Section 6 presented the overall concept of 
operations for each of the three cask alternatives. 
 
The objective of this section is to provide an overview of how the alternatives for the removal 
of irradiated fuel were analyzed and then evaluated using the trade study criteria to 
determine/identify a preferred alternative for irradiated fuel removal. 


7.1 Trade Study Architecture 
The key factors for examining alternatives for removal of irradiated fuel salt from NRIC-LOTUS 
are the type of cask and associated operations for loading ISCs with the salt from the 
demonstration reactor. Several cask alternatives—some currently available and new cask 
designs—were examined. From this initial list, these alternatives were compared based on such 
requirements as capacity, overall size, weight, and other requirements. Those alternatives that 
met the requirements and other criteria as described in Section 3 were then considered as 
viable alternatives. For each viable cask alternative, there is an associated set of operations to 
(1) move the ISC from the hot cell where the ISCs have been loaded with the irradiated fuel salt, 
(2) put the ISC into a shielded container (pig), (3) position the ISC container for loading into the 
cask alternative, and (4) load the ISC container into the cask alternative. Thus, this set of 
operations is generically referred to as Operations-Fuel Loading. 


For each cask alternative, the identified material-handling alternatives were evaluated against 
the requirements and criteria as identified in Section 5. From these evaluations, a preferred 
material-handling process was identified for each cask alternative. Thus, this set of operations is 
generically referred to as Operations-Fuel Transfer Handling. 


The interface point for these two operations is the point at which the cask is fully loaded and is 
ready for transport through the tunnel and to the IFSSF. 


Combining these two sets of operations provides a complete concept of operations for each 
cask option. As noted in Section 3, three viable cask alternatives were identified. Thus, the 
complete concept of operations for each fuel removal option is illustrated as follows: 


• Concept of Operations Cask 1 = Operations Fuel Loading 1 + Operations-Fuel Transfer 
Handling 1 


• Concept of Operations Cask 2 = Operations-Fuel Loading 2 + Operations-Fuel Transfer 
Handling 2 
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• Concept of Operations Cask 3 = Operations-Fuel Loading 3 + Operations-Fuel Transfer 
Handling 3 


These three overall options are then the focus of the trade study to identify a preferred 
alternative for the removal of irradiated fuel salt using criteria that discriminate among the 
three alternatives. 


Figure 7-1 illustrates this overall procedure in which (1) the viable cask alternatives are 
identified along with cask-specific operations for loading the ISC container, (2) a preferred 
material-handling process specific to each cask alternative is identified, and (3) the complete 
set of concept of operations for each of the three is constructed by combining steps (1) and (2) 
just noted. 


Figure 7-1. BGS Trade Study Architecture for NRIC-LOTUS Fuel Removal 


The complete set of concept of operations for each of the three cask alternatives is then the 
subject of the tradeoff analysis. 


7.2 Timing Studies for Estimating Cycle Times for Discrete 
Removal Processes 


7.2.1 Irradiated Fuel Removal for Three Cask Alternatives 
Timing and motion studies were conducted to support the development of cost estimates and 
provide input for conducting the trade study on concept of operations for the three cask 
alternatives for removal of irradiated fuel from the NRIC-LOTUS test bed. Initially, timing studies 
were performed on operations associated with removing the ISCs from the hot cell and 
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preparations for loading them into the cask (e.g., loading the ISC into a shielded container – pig, 
lifting and hoisting actions, and ultimate loading into the casks). 


For example, the HFEF-5 Cask option has some 25 distinct operations identified, and time 
durations were estimated for each. The following is just a partial list of 10 of the 25 distinct 
operations to indicate the level of detail in the analyses (see Section 6 for complete concept of 
operations for the HFEF-5 Cask): 


• Position transfer elevation cast to receive shielded transfer pig 
• Position transfer elevation cart to receive shielded outer container to be place inside of 


the shielded transfer pig 
• Lock-up shielded OC with shielded hot cell port 
• Check shielded hot cell for argon blanket gas and prepare to open docking port 
• Move transfer elevation cart from under shielded hot cell to allow placement of 


shielded outer container plug and lid 
• Position transfer elevation cart under HFEF-5 Cask 
• Open HFEF-5 Cask top and bottom ports 
• Position polar crane over HFEF-5 Cask 
• Raise polar crane hoisting/rigging and close HFEF-5 Cask top door 
• Complete final preparation and checks for loaded HFEF-5 for transfer to IFSSF 


Similar detailed activities were identified for the LTC (22 distinct operations) and for the MISC 
(25 operations), and comparable timing studies were performed. 


The above-noted timing studies were associated with operations to take the ISC from the hot 
cell and load it into one of the three cask options. A timing study was then conducted to 
estimate the time required to move the cask through the tunnel starting at the inner door and 
transporting it to the IFSSF, which is to be located inside the PIDAS, near the NRIC-LOTUS test 
bed facility. Results of trade studies as described in Section 5 for material-handling systems 
determined that a low-profile forklift could be used to move any one of the three cask options 
through the tunnel and transport it to the IFSSF. Thus, the timing study for the HFEF-5 is 
considered representative of the time required to transfer either the LTC or MISC through the 
tunnel and transport to the IFSSF.  


Table 7-1 summarizes the results of these studies for loading and transport to the IFSSF. Note 
that the first two columns of Table 7-1 are associated with operations to load a single ISC into a 
given cask, while the next two columns provide additional, related information for each cask. 
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Table 7-1. Summary of Timing Studies for Loading and Transporting Three Cask Options 


 


* Given the same, low-profile forklift would be used to move any of the three casks through the tunnel and to the IFSSF, the 
duration time for the HFEF-5 is representative of the LTC and MISC. 


Key observations from these studies include: 


• There is essentially no difference in the time required for operations for moving a single 
ISC from the hot cell and loading into the cask regardless of the cask design - about 
5.5 hr. 


• Given the use of the same low-profile forklift for the three casks to move through the 
tunnel and to the IFSSF, the duration time for the HFEF-5 is representative of the LTC 
and MISC at 9.4 hr once a given cask is loaded. Thus, nominally a one-day transfer time 
for a single cask move is assumed to account for preparations to move and the 
estimated 9.4 hr estimated transfer time to the IFSSF.  


• The major distinction obviously is the number of ISCs that can be transferred per single 
transfer, i.e., the number of ISCs each cask can transfer at once, thereby reducing the 
total number of transport cycles to the IFSSF and impacting overall operating costs 
across the board. 


7.2.2 Special Timing Studies 
Two special timing studies were conducted using the same technical approach as noted above 
looking at estimating (1) the time for handling and preparing for removal of flush salts and  
(2) the total time cycle time for preparing for a reactor demonstration in NRIC-LOTUS, running 
the reactor, and then deactivating and decommissioning the reactor. 


Flush Salts. A similar timing study was done for flush salt operations, again estimating time for 
moving the flush salt in a container (FSC) to be comparable/identical with the ISC for the fuel 
salt transfer from the hot cell into a locking rack and pallet system. A total of 17 operations 
were identified with an estimated time of 2.85 hr for this transfer. See Section 6.5 and Table 6-5 
for more details on flush salt operations. 


Total Cycle Time for Reactor Demonstration. The target cycle time for a given reactor 
demonstration was 12 months. BGS conducted a preliminary analysis to assess the 
reasonableness of the 12 months—just a sanity check. The timing study included a total of 65 
operations. Results showed a range from 16–24 months as a function of how many days 


Operation No. of 
Operations 


Overall 
Duration 


(hr) 


No. of ISCs 
per Transfer 


Days Needed 
Transfer 28 ISCs 


Transfer single ISC from hot cell to HFEF-5 25 5.73 1 28 
Transfer single ISC from hot cell to LTC 22 5.45 5 6 
Transfer single ISC from hot cell to MISC 25 5.57 7 4 


 
Single transfer HFEF-5 from NRIC-LOTUS to 
IFSSF* 35 9.4 na na 
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constituted a work week, i.e., 5- ,6-, or 7-day work week. The results of this study have been 
briefed to INL. Appendix C presents the information used in that briefing. 


7.3 Cost Summary 
Both estimated operating and capital costs are summarized in Table 7-2. The total operating 
costs are based on the costs for all operations involved with (1) removing the ISCs from the hot 
cell and loading the cask and (2) moving the cask through the tunnel and then to the IFSSF. 
Section 7.2 provided information on the number of operations for transferring an ISC from the 
hot cell and then loading the ISC into a given cask. Examples of the level of detail for which time 
estimates were made for each operation are also included in Section 7.2. Operational costs 
included personnel costs for a variety of staff including material handling, radiological control, 
safeguards and security, equipment operators, etc., for the total number of cycles required for 
each cask option. These cost estimates are considered “Class 5 – Concept Screening” per Ref. 4. 


Table 7-2. Summary Operating and Capital Cost Estimates for Removal of Fuel from the NRIC-
LOTUS Test Bed 


OPERATIONAL COSTS HFEF-5 LTC MISC 
Operations Loading Cask 


   


Cycle Time for each ISC (h) 5.73 5.45 5.57 
Total Cycle Time for 28 ISCs 160.44 152.6 107.871 
Cost per Cycle - moving from hot cell to Cask 11,049 10,503 10,728 
Total Costs Loading 28 ISCs into Cask ($) 309,372 294,084 207,881     


Operations Transport Through Tunnel and to IFSSF 
   


Number of ISCs per transfer 1 5 7 
Active Days required for transfer of 28 ISCs 28 6 4 
Unit Cost for Days 64,800 64,800 64,800 
Total Costs for Transfer from NRIC-LOTUS to IFSSF2 1,814,400 388,800 259,200     


TOTAL OPERATIONS COST ($) 2,123,772 682,884 467,081     


 Transfer Cost savings compared to HFEF-5 ($) 
 


1,440,888 1,656,691     


CAPITAL COSTS HFEF-53 LTC MISC 
Cask 


   


Engineering, Design, Fabrication, Testing ($) 0 239,000 454,000 
Cost per cask 0 36,000 287,500 
Number casks required - 1st demonstration ($) 2 10 4 
Total Cost - 1st demonstration ($) 0 599,000 1,604,000     


Material Handling Equipment 
   


Unit Cost for low profile forklift ($) 403,000 403,000 403,000     


TOTAL MAJOR CAPITAL COSTS ($) 403,000 1,002,000 2,007,000 
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1 Cost adjusted for reduced number of sealing operations for MISC – only 4. 
2 Includes $7,500 safeguards and security cost per transfer. 
3 INL has HFEF-5 Casks. 
 
Key observations derived from reviewing Table 7-2 includes the following: 


1. The costs for those operations involving handling, moving, and loading ISCs into any one 
of the three cask alternatives are essentially the same since the estimated duration 
times from the time and motion studies as presented in Section 7.2 are very comparable 
at 5 plus hours each.  


2. The operating costs for moving the cask through the tunnel and transport to the IFSSF 
are driven by the ISC capacity for a given cask. The capacity as noted for the LTC at five 
ISCs per transfer and that for the MISC at seven per transfer obviously provide 
significant cost savings versus the HFEF-5 costs that would require 28 total trips moving 
one ISC at a time. Thus, the cost savings for using LTCs or MISCs would be approximately 
$1.4 million or $1.5 million, respectively. 


3. The capital cost for the HFEF-5 Cask is zero since INL has two HFEF-5s and is currently 
procuring others. Should these be unavailable for use by NRIC-LOTUS, then capital costs 
would be incurred for HFEF-5 Casks. 


4. The capital cost for the MISCs is considerably higher than the other two options. The LTC 
offers a reasonable alternative from a cost standpoint still offering an increased ISC 
capacity using a locking pallet system over the HFEF-5. 


5. Alternative analyses and trade studies as discussed in Section 5 determined that a low-
profile forklift was the preferred alternative for removing any one of the three casks. 
Thus, the capital costs for this equipment items are the same for all three cask options 
and not a discriminator overall. 


6. Examining the costs overall including both operating and capital, the HFEF-5 has 
essentially no capital costs (assuming availability for use at NRIC-LOTUS); however, the 
operating costs are considerably more than that of the other two. Potentially, the MISC 
offers cost advantages operationally but has the highest capital costs. 


7. The MISC as previously noted does serve as both a transfer and storage cask. Thus, the 
MISC may offer advantages for an IFSSF design given its storage capabilities, resulting in 
a possible reduction in security costs for the IFSSF. 


7.4 Evaluation Criteria and Scoring Basis 
7.4.1 Evaluation Criteria Descriptions 
Nine criteria were identified that were considered as potentially discriminating factors for 
evaluating and analyzing differences among the three concepts of operations for irradiated fuel 
removal. Obviously, the key differentiators inherent in this process are the design differences 
and ISC capacities for the three different casks selected.  
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These nine criteria are presented in Table 7-3 along with associated descriptions to provide 
context as related to specific operations and activities for irradiated fuel removal from the 
NRIC-LOTUS test bed. Initially BGS identified eight criteria. Following interactions with INL the 
ninth criterion, “flexibility for future demonstration reactors” was added. 


Table 7-3. Criteria Used in Evaluating Concept of Operations for Three Cask Alternatives 


Evaluation Criteria Description 
Affordability - Operating 
Costs 


Total operating costs associated with operations for the three casks 
options starting at the interface point of handling the ISC out of the 
glove box, loading into the cask, transport through the tunnel, and 
transport to the IFSSF. Costs include personnel for material handling, 
radiological control, safeguards and security, equipment operators, 
etc., for the total number of transfer cycles required for each cask 
option. 


Affordability - Capital Costs Total capital costs estimated for major equipment purchases including 
the design, testing, and any associated certification for any new 
equipment required. These costs are anticipated to be principally 
associated with the (1) design, testing, and procurement of the casks 
and (2) any new material handling equipment purchases such as 
forklifts, etc. 


Active Transfer Time to 
IFSSF 


Number of transfers required for removal is a function of the 
 (1) ISC capacity of each cask and (2) number of removal transfers that 
can be accomplished based on availability of all required types of 
personnel (shift periods). An estimated time was calculated to 
complete one cycle for each of the 3 cask options, and then multiplied 
by the number of transfers required to remove the ISCs from the 
NRIC-LOTUS test bed and transport to the IFSSF. 


Complexity of Concept of 
Operations 


Concept of operations for each of the three cask options were 
developed addressing removal from the hot cell, through the tunnel, 
and delivery to the IFSSF. Each of the three operational approaches 
were evaluated and compared relative to: (1) was additional 
equipment required, (2) were additional personnel required, (3) were 
increased number of operations required, (4) were any special 
modifications to the NRIC-LOTUS test bed facility need to accomplish 
removal, etc. 


Safety Considerations The three concepts of operations approaches were evaluated focusing 
on height of any lift required to load ISCs and potential radiation 
exposures for sealing operations for an ISC/OC or cask. 


Security & Safeguards 
(Costs Only) 


There may be different safeguards and security requirements and 
strategies to be employed based on the different evolutions 
associated with each concept of operations. These determinations will 
be made by INL safeguards and security (S&G) personnel at the 
appropriate time. Safeguards and Security is included as a criterion to 
reflect any differences in costs for the number of cask transfers of non-
secured special nuclear material to the IFSSF. 
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Evaluation Criteria Description 
Compatibility with IFSSF Based upon the two IFSSF design alternatives presently under 


consideration by BGS under SOW 19157 the three cask alternatives are 
evaluated as to the IFSSF’s capability to accept the casks, any impacts 
on operations, any impacts on costs, etc. 


Availability of Equipment Casks and material handling systems (forklifts) are evaluated 
estimating times that might be required for designing, fabricating, and 
qualifying any new equipment as well as equipment readily available. 
These evaluations provide perspective on time frames as to when 
removal capabilities might be available. 


Flexibility for Future 
Demonstration Reactors 
 


Flexibility of cask to be used with different irradiated fuel salts 
(chloride and non-chloride) / different fuel types with taller element 
heights / other fuel types with higher fuel burnup. 


7.4.2 Scoring Basis 
A straightforward scoring system was employed where scores for each criterion for a given 
alternative was assigned a score of 1 through 5 with 1 being low/poor and 5 being high/good. 
Table 7-4 presents the scoring table developed that provides the basis for determining scores 
for each of the three cask options for a given criterion as listed in Table 7-3. 


Table 7-4. Factors Considered When Scoring Evaluation Criteria for Each Cask 


Scoring 
Scale 


Affordability 
- Operating 


Costs 


Affordability 
-Capital 


Costs 


Active 
Transfer 


Time NRIC-
LOTUS to 


IFSSF 


Complexity of 
Operational 


Concept 


Safety 
Considerations 


Safeguards & 
Security 


Operational Costs 


Compatibility 
with IFSSF 


Availability 
of Equipment 


Flexibility for 
Future Demo 


Reactor 


 
 


5 
 
 
 


Less than 
$0.5 M 


Less than 
$0.5 M 


Less than 5 
days 


High: No. of 
operations for 1) 
ISC loading and 2) 
sealing: 
 
Total < 25  


High: no cask lift 
required / no 
rad exposures 


High: costs based 
on number of 
transfers to IFSSF  
 
< $50 K 


High: minimal 
extra steps in 
IFSSF to secure 
ISCs / no extra 
security related 
steps 


High: ready 
by 2025 


High: very 
flexible with no 
changes to 
configuration. 


 
 
 


4 
 
 


$0.5 – 1.0 M $0.5 – 1.0 M 5-10 days Medium-High: 
No. of operations 
for 1) ISC loading 
and 2) sealing:         
 
Total 25-50   


Medium High: 
cask lift less 
than 5 feet -/ 1-
2 rad exposures 


Medium High: 
costs based on 
number of 
transfers to IFSSF  
 
$50 - $100 K 


Medium High: 
some extra steps 
in IFFSF to secure 
ISCs / no extra 
security related 
steps 


 Medium high: 
very flexible with 
minor changes to 
configuration. 


 
 
 


3 
 
 


$1.0 – 1.5 M $1.0 – 1.5 M 10-15 days Medium: No. of 
operations for 1) 
ISC loading and 
(2) sealing 
 
Total 50-75   


Medium: cask 
lift between 5-
10 feet / 3-4 rad 
exposures 


Medium: 
moderate costs 
based on number 
of transfers to 
IFSSF 
 
$150 - $200 K 


Medium: some 
extra steps in 
IFFSF to secure 
ISCs / minimal 
extra security 
related steps 


Medium: 
ready by 
2027 


Medium: 
somewhat 
flexible with 
moderate 
changes to 
configuration. 


 
 


2 
 
 
 


$1.5 – 2.0 M $1.5 – 2.0 M 15-20 days Medium-Low: No. 
of operations for 
1) ISC loading and 
2) sealing: 
 
Total 75-100 


Medium-Low: 
cask lift 
between 10-15 
feet / 5-6 rad 
exposures 


Medium-Low: 
costs based on 
number of 
transfers to IFSSF 
 
$200 - $250 K 


Medium-Low: 
moderate no. 
extra steps in 
IFFSF to secure 
ISCs / a few extra 
security related 
steps 


 Medium-Low: 
not as flexible 
without major 
modifications 


 
 
 


1 
 


Greater than 
$2.0 M 


Greater than 
$2.0 M 


Greater 
than 20 
days 


Low: No. of 
operations for 1) 
ISC loading high 
and  
2) sealing high 


Low: cask lift 
greater than 15 
feet / 6 or more 
rad exposures 


Low: substantial 
costs based on 
number of 
transfers to IFSSF 
 


Low: significant 
no. extra steps in 
IFFSF to secure 
ISCs / several 


Low: ready 
after 2027 


Low: not flexible. 
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Total > 100 


>$250 K extra security 
related steps 


 
Thus, the nine criteria were evaluated using the above-noted scoring table as the basis for 
conducting the trade study as described in Section 7.4, the following section. 


7.5 Evaluation Results from Trade Study 
Using the nine evaluation criteria and the scoring approach described, the associated concept 
of operations for the three cask alternatives were analyzed starting with removing the ISCs 
from the hot cell, loading ISCs into the cask, transferring the cask though the tunnel, and 
transporting to the IFSSF. Table 7-5 summarizes the evaluation results. A more detailed scoring 
table is presented in Appendix D showing sub-criteria for some of the nine criteria. 


Table 7-5. Evaluation Results from the Trade Study 


 
 


Evaluation Criteria 


 
 


Weighting 


HFEF-5 
Transfer Cask 


 
Score 


LTC 
Transfer Cask 


 
Score 


MISC Transfer & 
Storage Cask 


 
Score 


 
Affordability - 
Operating Costs 


1.5 1.0 4.0 5.0 


 
Affordability –  
Capital Costs 


1.5 5.0 3.0 1.0 


 
Active Transfer Time to 
IFSSF 


1.0 1.0 4.0 5.0 


 
Complexity of Concept of 
Operations 


1.0 3.3 2.8 3.5 


 
Safety Considerations 


1.0 2.5 2.0 3.5 


 
Safeguards & Security 
(Costs Only) 


2.0 2.0 5.0 5.0 


 
Compatibility with IFSSF 


1.0 2.5 2.5 3.5 


 
Availability of Equipment 


1.0 5.0 4.5 4.0 


 
Flexibility for Future 
Demonstration Reactors 


1.0 4.0 2.5 2.8 


     
Raw Score  26.3 30.3 33.3 
Weighted Score  31.3 38.8 41.3 
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These overall results indicate that the MISC transfer and storage cask is the best of the three 
options. The results appear to show reasonable discrimination among the three options, 
particularly when comparing the weighted scores. Recall that the results from the alternative 
analyses from Section 3 concluded that all three cask alternatives are considered valid options 
for removal of the irradiated fuel from NRIC-LOTUS. 


 


Table 7-6 presents additional insights into the scoring results. For each of the nine criteria, key 
differentiators are discussed for each of the three cask options. The information presented by 
criteria/differentiator by cask type facilitates comparing key differences between and among 
the cask options. 


 


Table 7-6. Key Differentiators within Criteria for Each Cask Option 


 
 


Criteria / Differentiator 
 


 
 


Description of the 
Differentiator 


 
 


HFEF-5 Cask 


 
 


Lightweight Transfer 
Cask (LTC) 


 
Multi-ISC (MISC) 


Transfer and Storage 
Cask 


 
 


Affordability 
(Operating Costs) 


 


Cost of deploying, 
operating, & 
implementing the 
proposed alternative. 
Includes all operational 
costs - ISC loading into 
cask and cask transfer 
to IFSSF. Excludes 
safeguards and security 
costs. 


Principal driver for 
higher operating costs 
for HFEF-5 is that only 
one ISC can be loaded 
into and then 
transferred to the 
IFSSF. Thus, use of 
HFEF-5 requires 28 
transfers to unload 
irradiated fuel from 
NRIC-LOTUS and move 
to IFSSF. 
 
Note, time and costs to 
load ISCs into any of 
the 3 casks are 
essentially the same 


LTC is a new design and 
represents an 
alternative between 
the HFEF-5 and MISC 
casks. LTC is shorter 
than the HFEF-5 and 
designed to 
accommodate the 
height of the ISC/OC. 
Five LTCs can be 
transferred at time 
using a locking rack and 
pallet system resulting 
in 6 transfers to unload 
irradiated fuel from 
NRIC-LOTUS and move 
28 ISCs to IFSSF. 


MISC is a new design 
and serves both as a 
transfer and storage 
cask. Given the ISC 
design (size) and 
projected fuel burnup, 
the MISC can hold 
seven ISCs thus 
requiring only four 
transfers to unload 
irradiated fuel from 
NRIC-LOTUS and move 
28 ISCs to IFSSF. 


 
 


Affordability 
(Capital Costs) 


 


Cost of engineering and 
design, purchasing, & 
fabricating any new 
cask and material 
handling equipment. 
Capital costs exceeding 
$20 million implies 
capital line-item project 
that adds complexity 
and schedule to 
project. 


INL has two HFEF-5 
casks and purchasing 
additional ones. Thus, 
for the HFEF-5 Cask 
there are essentially $0 
costs. Purchase of the 
forklift is the only 
major capital item. 


LTC requires design and 
fabrication of a new 
cask. LTC is based upon 
HFEF-5 Transfer Cask 
with less shielding and 
smaller size (shorter in 
height). 
 
For efficient 
operations, requires 10 
total LTCs. Costs 
include purchase of 
forklift. 


MISC requires design 
and fabrication of a 
new cask. Capital costs 
are significantly higher 
since MISC doubles as 
transfer and storage 
cask (additional 
structural and shielding 
design).  
 
Requires four MISCs. 
Costs include purchase 
of forklift 
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Criteria / Differentiator 
 


 
 


Description of the 
Differentiator 


 
 


HFEF-5 Cask 


 
 


Lightweight Transfer 
Cask (LTC) 


 
Multi-ISC (MISC) 


Transfer and Storage 
Cask 


 
 


Active Transfer Time 
 


Active transfer time for 
transport of cask 
through tunnel to 
IFSSF. Once loaded on 
forklift. Transfer of any 
one cask design to 
IFSSF is essentially the 
same. 


Standard HFEF-5 
Transfer Cask only 
handles one ISC/OC per 
transfer => 28 transfers 
total. 


New LTC transfer cask 
with locking rack and 
pallet system handles 
five ISC/OCs per 
transfer => 6 transfers 
total. 


New MISC transfer and 
storage cask handles 
seven ISC/OCs per 
transfer => 4 transfers 
total. 


 
 


Complexity of Concept 
of Operations 


 


Overall consideration 
of the number of steps 
to position /load ISCs 
into cask, overhead lifts 
w/crane, preparations 
for cask transfer, and 
cask seal operations. 


The number of steps to 
load the ISCs from the 
hot cell to any one of 
the casks are 
comparable. The 
principal difference is 
the number of ISC 
double sealing 
operations required – 
28 for HFEF-5. 


The number of steps to 
load the ISCs from the 
hot cell to any one of 
the casks are 
comparable. The 
principal difference is 
the number of ISC 
double sealing 
operations required – 
28 for the LTC. 


The number of steps to 
load the ISCs from the 
hot cell to any one of 
the casks are 
comparable. The 
principal difference is 
the number of double 
sealing operations 
required – only one for 
sealing the MISC for a 
total of four. 


 
Safety Considerations 


 
 


Key operations that 
potentially represent 
consequential hazards,  


Focus is on height of 
any lift required to load 
ISCs and potential rad 
exposures for sealing 
operations for ISC/OC 
or cask. 
 
No lifts required. All 
ISCs sealed. 


Focus is on height of 
any lift required to load 
ISCs and potential rad 
exposures for sealing 
operations for ISC/OC 
or cask. 
 
Lift height at 6 feet. All 
ISCs sealed. 


Focus is on height of 
any lift required to load 
ISCs and potential rad 
exposures for sealing 
operations for ISC/OC 
or cask. 
 
Lift height at 12 feet. 
MISC sealed four times. 


 
Safeguards & Security 


 (Costs Only) 
 


Costs for number of 
cask transfers of non-
secured special nuclear 
material to the IFFSF. 


Cost per transfer ~$7.5 
K. 
28 transfers from NRIC-
LOTUS to IFSSF. 
 
 
 
Total Costs: $210 K 


Cost per transfer ~$7.5 
K. 
6 transfers from NRIC-
LOTUS to IFSSF using a 
locking rack and pallet 
system. 
 
Total Costs: $45 K 


Cost per transfer ~$7.5 
K. 
MISC capable of 
handling 7 ISCs at a 
time resulting in 4 
transfers from NRIC-
LOTUS to IFSSF. 
Total Costs: $30 K 


 
 


Compatibility with 
IFSSF 


 


Cask compatibility with 
IFSSF operations for 
safe storage of special 
nuclear material in 
IFSSF. Focus on number 
of operations to safely 
secure the ISCs and 
additional steps for 
security lockdown. 


Standard HFEF-5 
Transfer Cask / Forklift 
/ Overhead Bridge 
Crane / Number of 
Moves to Secure 
Storage Location / One 
Additional Move to 
FINAL Lockdown. 


LTC Transfer Cask and 
Locking Rack & Pallet 
System / Forklift / 
Overhead Bridge Crane 
/ Number of Moves to 
Secure Storage 
Location / One 
Additional Move to 
FINAL Lockdown 


MISC Transfer and 
Storage Cask / Forklift / 
Overhead Bridge Crane 
/ Limited Number of 
Moves to Secure 
Storage Location / One 
Additional Move to 
FINAL Lockdown. 


 
 


Time frame by which 
casks and forklift will 
be available for use. 


HFEF-5 Cask is available 
now. Thus, no time 
needed for designing, 


Time for designing, 
fabricating, testing, and 
purchasing LTC casks 


Time for designing, 
fabricating, testing, and 
purchasing MISC casks 
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Criteria / Differentiator 
 


 
 


Description of the 
Differentiator 


 
 


HFEF-5 Cask 


 
 


Lightweight Transfer 
Cask (LTC) 


 
Multi-ISC (MISC) 


Transfer and Storage 
Cask 


Availability of 
Equipment 


 


fabricating, testing, and 
purchasing cask. Low-
profile forklift available 
commercially 14 
months once ordered. 


(10) estimated at 10 
months. Low-profile 
forklift available 
commercially 14 
months once ordered. 


(4) is estimated at 14 
months. Low-profile 
forklift available 
commercially 14 
months once ordered. 


 
Flexibility for Future 


Demonstration 
Reactors 


 
 


Flexibility of cask to be 
used with different 
irradiated fuel salts 
(chloride and non-
chloride) / different 
fuel types with taller 
element heights / 
higher fuel burnup. 


HFEF-5 is overdesigned 
for this specific 
application and would 
be flexible to some 
degree not only for 
chloride and other fuel 
salts but for other fuel 
types having taller fuel 
elements and higher 
burnups. 


LTC would be flexible 
for both chloride and 
other fuel salts but not 
as flexible overall for 
larger fuel elements 
and higher burnups. 


MISC would be flexible 
for both chloride and 
other fuel salts but not 
as flexible overall for 
larger fuel elements. 
MISC would have some 
flexibility with other 
fuel types with higher 
burnups. 


 


7.6 Preferred Alternative 
Based on the overall analysis of information and results as presented for the timing and 
motions studies (Section 7.2), estimated operating and capital costs (Section 7.3), and the trade 
study (Section 7.5), the preferred approach among the three cask alternatives for removal of 
fuel from the NRIC-LOTUS test bed is the MISC transfer and storage cask. The LTC has many of 
the same advantages of the MISC and would be a good option as well. The LTC scores slightly 
less than the MISC across several of the criteria since it transfers only five ISCs using a pallet 
system versus seven for the MISC.  


• The principal factor that drives this recommended approach is the capability of the MISC 
to hold seven ISCs plus its capability to serve as a storage cask. 


• Considerable operational cost savings resulting from the reduced number of transfers 
from NRIC-LOTUS to the IFSSF requiring four days to remove the 28 ISCs versus the 28 
days for the HFEF-5 Cask. The difference between the cost savings for the MISC versus 
the LTC are essentially the same. 


• While the specific safeguards and security posture will be determined later, the fewer 
number of transfers to remove all the fuel salt result in decreased exposure times or 
windows of vulnerability from a safeguards and security perspective. The overall 
safeguards and security costs are reduced as well since the transit time through the 
tunnel and to the IFSSF using the same low-profile forklift for any of the three cask 
alternatives is the same once the cask is loaded.  


• From a complexity of operations perspective and overall risk/safety considerations: (1) 
the number of closure and sealing operations for the MISC would only need to be 
performed four times to remove the 28 ISCs and (2) the many operations associated 
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with only opening and closing the various tunnel doors for just four transfers through 
the tunnel are significantly reduced. 


• The MISC may offer advantages for the design of an IFSSF given its flexibility as a 
transfer and storage cask. This feature results in a possible reduction in security costs 
for an IFSSF design to take advantage of the MISC storage capability. Also as noted from 
the trade study analysis, the total number of movements or operations associated with 
placing the ISCs into a safe storage position and any additional movements required 
after placement were fewer than those identified for either the LTC or the HFEF-5 Cask. 


• The LTC has many of the same advantages of the MISC and would be a good option as 
well for a vault type IFSSF. The LTC scores slightly less than the MISC across several of 
the criteria since it transfers only five ISCs using a pallet system versus seven for the 
MISC. 


• For use with other liquid-fuel MSRs, all three cask types offer flexibility assuming 
comparable sized ISCs and fuel burnup. For other more conventional type fuels and fuel 
elements of increasing size and burnup, the HFEF-5 Cask offers more flexibility than 
either the LTC or the MISC. 


 
All three operational approaches evaluated, including use of the HFEF-5 Cask, for fuel removal 
and transfer to the IFSSF are considered feasible. Based on the ultimate IFSSF design selected, 
the LTC design would be more compatible with a vault design whereas the MISC would be the 
choice for an IFSSF designed to take advantage of its transfer and storage capabilities. 
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8 KEY ASSUMPTIONS AND POTENTIAL RISKS 
While well underway, the status of the overall process in preparing for the first NRIC-LOTUS 
demonstration reactor is still in the early stages. The first molten salt reactor expected to go 
into the NRIC-LOTUS test bed is in the conceptual design process undergoing the usual changes 
as the design matures. The work and analyses as documented in this report serve to support 
INL in preparation for that first reactor. Assumptions were made in some cases based on 
limited information available to develop recommendations. As the reactor design matures and 
INL continues to firm up more explicitly what processes must be developed and what 
requirements need to be met, these recommended preferred approaches may be impacted 
based on current assumptions that subsequently might be invalidated. 


Thus, the objective of this section is to identify some of the risk factors that may impact these 
recommendations moving forward. 


These risk factors include the following: 


Assumption 1: Physical dimensions of the ISC remain essentially unchanged. 


Rationale: Reactor demonstrator is responsible for designing the ISC providing the 
estimated physical dimensions for the ISC to provide the basic envelope as to overall 
size upon which all evaluations were made. 


Impact:  Should the size/overall dimensions change appreciably, the preferred 
approaches as presented in this report for removal of fuel and other radioactive 
materials may no longer be valid. For example, a larger ISC may require designing a 
larger MISC requiring more shielding and resulting in increased weight potentially 
exceeding the 20-ton capacity of the recommended forklift for transfer to the ISFFS. The 
advantages of the MISC or LTC in handling multiple ISCs for removal may be impacted 
negatively. 


Risks: Changes made well in advance of plans to purchase of equipment (casks, forklifts, 
etc.) would require conducting the evaluations and trade studies again. Changes made 
after plant to purchase equipment may require cancellations of purchase contracts, etc. 


 


Assumption 2: Fuel salt inventory, the assumed fuel burnup, and the expected radiation 
exposure, remain essentially unchanged.  


Rationale: Reactor demonstrator provided the following information to regarding 
operational parameters for conducting their experiment in NRIC-LOTUS: 


• The total fuel salt inventory of the reactor is 1300 kg, to be stored in 28 ISCs. 
Each ISC contains up to 48 kg fuel salt. 


• The expected irradiation history for the fuel is 1000 hr at 10 kW (10,000 kWhr). 


• The gamma source for fuel salt from Table 18 in Appendix A of Ref. 5 is based on 
76 kg salt and operation for 2000 hr at 500 kW (100,000 kWh). The source for 
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the LTC and MISC shielding analysis is reduced by linear scaling in mass and 
energy. 


Impact: Should the fuel mass or irradiation energy increase significantly, it would 
require additional shielding, possibly adding lead, and consequently increased weight 
and increased costs for design and fabrication for the MISC and LTC. 


Risks: If the LTC loaded weight were to increase to over 5 tons, it could not be lifted by 
the NRIC-LOTUS test bed polar crane. A significant increase in the radiation source could 
result in reducing the MISC capacity to fewer than seven ISCs. In such a case, the 
bottom-loaded HFEF-5 Cask could contend as a preferred option but would require 28 
separate trips through the NRIC-LOTUS test bed tunnel to the IFSSF resulting in 
significantly higher operational costs.  A cask similar to the HFEF-5, but shorter, would 
be easier to handle for fuel removal, placement in the concrete vault, and retrieval from 
the concrete vault but would have to be designed and constructed. 


 


Assumption 3: Security profile is the same for transferring one ISC in the HFEF-5 Cask 
compared with multiple ISCs using LTCs with the pallet system and the MISC. 


Rationale: Both the LTC and MISC alternatives offer advantages requiring fewer number 
of transfers for removing the fuel since they can transfer five (with pallet system) and 
seven ISCs, respectively, at one time. Thus, the fewer number of trips in principle results 
in decreased exposure times or windows of vulnerability from a safeguards and security 
perspective. 


Impact: Should INL safeguards and security personnel view the transfer of more special 
nuclear material per transfer unfavorably versus removal of one ISC at time, then the 
entire approach designing any new casks would need to be revisited. 


Risks: Such an approach materially impacts the two cask options, LTC and MISC, that 
otherwise have distinct advantages in reducing the operational costs for removal versus 
the HFEF-5. 


 


Assumption 4: The understanding of what may be involved in removing the three categories 
of other radioactive material is not well understood at this time. 


Rationale: This general category of “other radioactive materials” absent other 
information was decomposed into three types of material: (1) flush salts circulated in 
the reactor following removal of the irradiated fuel to ensure any remaining HEU is 
removed (it is expected that essentially all the HEU will be removed with the fuel salt), 
(2) a large/heavy reactor component greater than 5 tons is required to be removed, and 
(3) other components or waste material less than 5 tons must be removed. 


Impact: Little information on the reactor design and on the deactivation and 
decommissioning plan is currently available. 
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Risks: Characterization of possible waste streams and forms and the number of trips 
required to remove this material remains uncertain at this time. Use of the various 
available waste containers at INL may or may not be suitable for handling these wastes 
requiring additional costs and measures to remove. 


 


Assumption 5:  The flush salt is assumed to be increased security special nuclear material 
until sampling can demonstrate that it is below specific increased security posture limits. 


Rationale: While it is anticipated that very minimal amounts of fuel will be contained in 
the flush salt after the fuel salt is removed, the flush salt must be treated as material 
requiring special safeguards, security posture, and handling procedures. The flush is 
expected to be removed from the reactor and loaded into FSCs similar to the ISCs for 
fuel salt. 


Impact:  Either measures are taken to store the flush salt in the FSCs in the NRIC-LOTUS 
test bed facility or loading to one of the storage casks (MISC, LTC, or HFEF-5) and 
transferred to the IFSSF for temporary storage until sample results confirm that the flush 
salt is below limits for special nuclear material requiring an increased security posture. 


Risks: Presently, the recommended preferred alternative for removal of flush salt 
includes use of a forklift to transport a rack with multiple FSCs to reduce the number of 
trips to the IFSSF or another site at INL. Use of other container types or LTCs or MISCs 
will likely be more expensive (security costs and capital costs) and more complex. 
Furthermore, early estimates for material analysis suggest it may take a few weeks to 
several months to get sample results back, which could further complicate operations at 
the NRIC-LOTUS test bed or at the IFSSF and result in increased costs. 


 


Assumption 6: There is sufficient time to design, fabricate, test, and procure an MISC-type 
cask in advance of the completion of the (1) first reactor demonstration and (2) design and 
construction of an IFSSF.  


Rationale: The target date for installing the first demonstration reactor is assumed to be 
late FY 2025, as noted in Ref. 1. 


Impact: There may be challenges as to the availability of an MISC, depending on the 
time frames required for approvals and authorizations needed in advance to start the 
design process. The potential availability of an LTC may be sooner than for the MISC. 


Risks: MISC transfer and storage casks may not be available in time following completion 
of the first experiment. The time frames required for approvals and authorizations 
needed in advance to start the design process need to be understood. The schedules for 
the completion of the first experiment, availability of the cask chosen, and availability of 
the IFSSF for accepting irradiated fuel, need to be determined and closely coordinated 
to ensure that the irradiated fuel can be removed and stored in a timely manner. 
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10 GLOSSARY 
Term Acronym Description Rationale & Comments 


Irradiated salt 
container  


ISC The primary container for 
irradiated fuel salt 


INL guidance. 


Flush salt 
container 


FSC The primary container used to 
store salts after flushing the 
reactor, with dilute irradiated 
fuel salt content 


The container might be the same 
as the ISC, but with features to 
distinguish it from the ISC. It will 
not be stored in the IFSSF.  


Inner container IC If needed, this would be a 
container that the ISC is placed 
in, and this in turn would then 
be installed into the OC 


  


Outer container OC The container into which the 
ISC, and if needed, the IC, are 
placed for storage.  


Except for multi-ISC cask storage, 
this is the unit of fuel storage. 


Loading 
platform 


 A platform at the inner mouth 
of the NRIC-LOTUS test bed 
tunnel, onto which the cask, or 
waste container is placed, and 
from which it is picked up by 
the transfer equipment 


This can be fixed height, or capable 
of being raised or lowered if 
required.  


Pig  A shielded cylinder into which 
a loaded OC is placed for 
closure operations prior to 
bottom loading a transfer cask 
or  
A shielded cylinder used to 
transfer an ISC into a top 
loading cask if remote 
handling of a bare ISC is not 
allowed. 


Sometimes referred to as a shield 
bell. In our first deliverable, we 
referred to this as a workstation or 
loading station. INL referred to this 
as a pig. 


    
Irradiated fuel 
salt storage 
facility 


IFSSF A generic term for the vault or 
cask storage building for 
storing the ISCs 


The statement of work refers to 
this variously as the irradiated fuel 
storage system, the irradiated fuel 
storage facility, and the irradiated 
fuel salt storage system. “Facility” 
seems most descriptive for a 
structure. 
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Term Acronym Description Rationale & Comments 
Multi-Irradiated 
Salt Cask 


MISC A cask into which more than 
one ISC can be placed for both 
transfer and dry storage.  


These can also be used for FSC 
transfer, but they are overkill for 
FSC storage. 


    
Rad waste 
container 


RWC The primary container into 
which the reactor 
decommissioning waste is 
placed.  


INL currently procures a variety of 
rectangular waste containers that 
can be shipped onsite or offsite. 
For the purposes of this study, use 
of these containers is assumed for 
most of the rad waste to be 
removed. Larger heavier items 
such as the reactor vessel will likely 
require containers designed for 
unique situations. 


Rad waste 
shipping 
container 


RWSC The outer container into which 
the RWCs are placed for 
storage or transport. 


e.g., ISO shipping containers, IP-1 & 
IP-2 containers, Type A transport 
packagings. It is to be verified that 
some RWSs require additional 
protection provided by these 
shipping containers. 
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11 APPENDICES 
 


Appendix A. Technical Evaluation of Preliminary for Plans for Removal of Irradiation Fuel Salt 
and Other Radioactive Material from NRIC-LOTUS 


Appendix B. Standard INL Waste Containers 


Appendix C. Total Cycle Time for Reactor Demonstration 


Appendix D. Cask Options Scoring Detailed Analysis 
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Appendix A. Technical Evaluation of Preliminary 
for Plans for Removal of Irradiated Fuel Salt and 
Other Radioactive Material from NRIC-LOTUS 


As part of work documented in this report, an initial a high-level technical evaluation was 
performed on the preliminary process approach as presented in Ref. 1 for the removal of 
irradiated fuel and other radioactive materials from NRIC-LOTUS. This evaluation was based 
upon information provided in Ref. 1 as well as other detailed information related to the NRIC-
LOTUS test bed and the HFEF-5 Cask that was received from INL Design Team. This initial 
evaluation is the subject of this appendix. 


1. TECHNICAL EVALUATION APPROACH 


The evaluation focused on the following seven functions that comprise the preliminary plans as 
included in the report: 


1. Defueling the reactor within NRIC-LOTUS, 


2. Packaging of irradiated salt container (ISC) being designed by the first potential user’s team 
– formerly referred to as the irradiated fuel bottle, 


3. Sealing of the ISC, 


4. Storage of irradiated fuel salt following transportation to the IFSSF, 


5. Removal of the defueled reactor from NRIC-LOTUS,  


6. Storage of defueled reactor module, and 


7. Disposal of defueled reactor experiments operated in NRIC-LOTUS. 


The overall concept of each function was evaluated for plausibility to determine if the 
processes could be performed, as well as examination of any missing steps, systems, or 
components not captured.  


2. EVALUATION RESULTS 


The results are presented in Table A-1 wherein each of the seven functions are summarized 
with a corresponding summary of the evaluation results for each of the functions. The italicized 
notes highlight updated information received or discussed with the INL Design Team for any 
given function beyond that presented in Ref. 1. 
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Table A-1. Evaluation Results Summary for NRIC-LOTUS Preliminary Removal Plans 
 


Function / Description Technical Evaluation 
1  Defuel Reactor within NRIC-LOTUS / 


Following completion of reactor 
operations, the fuel salt must be 
removed from the reactor. This 
defueling action must be performed 
inside the test bed using a defueling 
system that has been designed as part of 
the reactor experiment. The fuel salt 
should be defueled into an irradiated 
fuel-salt container specifically designed 
for transfer and storage of the fuel salt. 


The current planned design is to have a 
defueling system and shielded hot cell 
and/or hot cell located in proximity to the 
reactor where the fuel salt will be 
transferred into an Irradiated Salt 
Container (ISC) (current nomenclature for 
fuel-salt container) [NOTE: This 
nomenclature was recommended by BEA 
Design Team during the 19Apr2022 BEA 
Design Team Review Meeting. The BGS 
Design Team would like to maintain the 
ISC to differentiate it from Flush Salt 
Container (FSC)]. The expected dose rates 
for the fuel salt will require that this 
operation be performed in a shielded hot 
cell for IFC filling and with the use of other 
shielding methods for transferring the ISC 
from the hot cell to the transfer cask.  


2  Package ISC / once the fuel salt has been 
defueled into the ISC, the ISC must be 
closed and disconnected from the 
defueling system. The loaded ISC must 
be placed into another container.  


The filling and closure of the ISC takes 
place inside the shielded hot cell. To limit 
the height of the shielded hot cell, the 
filled and sealed ISC can be lowered 
through a port in the bottom of the 
shielded hot cell or hot cell into an outer 
can staged below the hot cell in a shielded 
sleeve docked to the hot cell port.  
 
Once the ISC is in the outer can, the outer 
can cover is installed from within the 
shielded hot cell or hot cell. Assume that 
such a closure will be designed for ease of 
installation, e.g., a threaded plug, and that 
it will not be leak tested. It must be 
capable of supporting the load for lifting.  
  
The sleeve is then moved, e.g., on a dolly, 
from under the hot cell to a position 
where the loaded and closed inner 
container can be bottom loaded into the 
HFEF-5 Cask or to a position where it can 
be top loaded into an alternative cask.  
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Function / Description Technical Evaluation 


3  Seal Fuel Container / The loaded ISC 
inside the closed modified FIFSC must be 
loaded into the HFEF-5 Cask or similar 
for transfer to the storage location. This 
is done using the HFEF-5 Cask outer-
waste can, which is preloaded in the 
cask to ensure a non-contaminated 
package. This configuration is used to 
transfer the ISC out of the NRIC-LOTUS 
test bed and to the storage location.  


Pre-loading the outer can into the HFEF-5 
Cask for top loading the HFEF-5 Cask, has 
the following height limitations. Assume a 
loading platform at the level of the tunnel, 
and the HFEF-5 Cask with inner can staged 
on the platform with no dunnage beneath. 
The polar crane hook maximum height is 
13'-8" above the tunnel platform [NOTE: 
16’11” above the Main Reactor Floor … 
Assuming that the Equipment Access 
Tunnel is 3’3” above Main Reactor Floor]. 
The HFEF-5 Cask is 9'-3" tall. Allowing 12" 
for rigging the inner can to the hook, the 
inner can must be no taller than 3'-5". 
Assuming the bottom and lid of the inner 
can plus a thermal expansion gap for the 
ISC to total 3 inches leaves a maximum ISC 
height of 3'-2". The ISC can be significantly 
taller for bottom loading the HFEF-5.  
[NOTE: If performing a Top Loading of the 
HFEF-5 Cask, then the HFEF-5 Cask could 
be lowered to the Bottom of the Access 
Trench, approximately 3’3” below Main 
Reactor Floor providing 19’11” Clearance 
for Lifting and Lowering Outer Container 
into the HFEF-5 Cask]  
After the loaded inner can is lowered into 
the outer can, a shield plug, either loose 
or connected to the inner can lid, is 
installed using the polar crane. The lid can 
then be sealed, and leak tested manually, 
from a work platform associated with the 
loading platform.  
  


4  Store Irradiated Fuel Salt / The irradiated 
fuel salt is placed into extended dry 
storage in a configuration compatible 
with reuse, periodic sampling, transfer 
to another DOE program, or eventual 
disposal. At present, this should be done 
in a newly proposed facility; the IFSSF. 


It is planned that the Irradiated Fuel Salt 
will be transferred out of the NRIC-LOTUS 
test bed to the IFSSF using the HFEF-5 
Cask or another Transportation / Storage 
Cask alternative. The cask will be 
transferred out of the NRIC-LOTUS test 
bed via an access tunnel (Equipment 
Access Tunnel being developed by the BEA 
Design Team) that is not yet constructed. 
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Function / Description Technical Evaluation 


How the HFEF-5 Cask (or similar cask) is 
transferred into and out of the NRIC-
LOTUS test bed is evaluated in this report.   


5  Remove Defueled Reactor from NRIC-
LOTUS / Disconnect and remove reactor 
experiment modules from the NRIC-
LOTUS test bed.  


The report states that the reactor module 
will be removed intact, and it is assumed 
that this removal process will be a reverse 
process of how the reactor module was 
installed in NRIC-LOTUS.  
  
Reactor components should be placed in 
containers inside the NRIC-LOTUS test bed 
containment. The size and wall thickness 
of the containers will be selected 
considering the radiation source, the size 
of the components, and the planned 
waste disposal destination.  
 - Standard INL WGS / P&T utilizes various 
steel containers (CO18- CO225,18 cf – 
225cf) with sealed gasketed bolted lids  
 - Containers for unique items would have 
to be designed and procured.  
 - Larger Waste Items may be wrapped in 
IP1 Type Zippered / Sealed Fabric 
Containers and palletized 


6  Store Defueled Reactor Module / Store 
reactor module until disposal. 
Experiment modules are removed from 
NRIC-LOTUS and placed in storage to 
await direct disposal. They are stored for 
cool-down and decay until capable of 
being transported offsite as a Type A 
quantity.  


INL BEA Design plans to store reactor 
module in Reactor Module Storage Facility 
(RMSF). The RMSF is envisioned as an 
expansion to the Outside Radioactive 
Storage Area (ORSA) facility at INL.  
NOTE: The RMSF is being Developed by the 
BEA Design Team and is outside the BGS 
Design Team scope. 


7  Dispose of defueled reactor experiments 
operated in NRIC-LOTUS / Dispose of 
non-fuel and non-highly radioactive 
components and waste from the reactor 
experiment.  


This waste should be packaged and 
transported to commercial disposal 
facilities, where possible. Material and 
components that challenge the Waste 
Acceptance Criteria (WAC) of offsite 
commercial facilities should be stored to 
decay until they can meet the WAC of a 
commercial facility or disposed onsite at 
the Remote Handled Low-Level-Waste 
disposal facility.  
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Function / Description Technical Evaluation 


NOTE: Waste Packaging would include 
Standard INL Waste Containers, steel 
containers with Sealed Lid – (INL Standard 
Fabricators are MHF & Bullrun) / Wrapped 
and Palletized Irregular or Larger Waste 
Items / IP-1 Type Packaging (Zippered 
Sealed Liners – INL Standard Fabricators 
are with Pac-Tec & MHF). Cargo 
Containers come in Standard Sizes of 
10’0”, 20’0”, 40’0” and 45’0” lengths [8’0” 
width x 8’6” height or 9’6” height (High)]. 
Loading Options are – End Load (Typical), 
Side Load and Top Load. Waste Generator 
Services (WGS) and Packaging & 
Transportation (P&T) Groups take care of 
getting INL Waste Off-Site to Licensed 
Treatment, Storage & Disposal Facilities 
(LTSDF) Typically the INL Utilizes Nevada 
Nuclear Security Site (NNSS), 
EnergySolutions and Waste Control 
Specialist LLC. (WCS) 


3. KEY OBSERVATIONS AND FINDINGS 


While this initial, high-level evaluation was focused on the functions in the Preconceptual 
Design Study Report (Ref. 1), there is additional information regarding these functions that is 
worth noting. 


Regarding the second function (Packaging the Irradiated Salt Container), the modifications to 
the FIFSC described in the pre-conceptual design report include addition of a clamshell heater 
and instrumentation. These would require electric and instrument feedthroughs in the outer 
can lid that would make design and operations much more complex, and that would create a 
weak point in the confinement boundary. Current plans are that ISCs will be retrieved as 
needed for heating and sampling. Therefore, assume only a generic inner can without heater or 
instrumentation. 


1. There are two points to consider for the third function (Sealing of Fuel Container). The 
report states that the outer can will be pre-staged in the HFEF-5 Cask. This evaluation was 
based upon that concept. As noted in the table above, the height from the polar crane hook 
to the top of the HFEF-5 will limit the ISC height to about 3’-5” (42”). Compare that to an ISC 
height of 41" to 48" for a projected bottom-loading process, and 64" for top loading an 
alternate cask that is shorter than the HFEF-5 Cask. The result of the shorter ISC will be that 
there are more ISCs to load, more storage locations, and a longer time to remove all the fuel 
from the NRIC-LOTUS test bed to storage. 
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2. Because the inner can provide minimal shielding, the transfer of the ISC from the hot cell to 
the top of the HFEF-5 Cask and the placement of the shield plug above the inner can require 
remote operations. If the polar crane does not already have this capability, it can be 
retrofitted, and operators could use cameras to perform this operation. Remote operations 
must consider recovery capabilities should the polar crane malfunction during transferring 
the loaded and unshielded inner can. The alternatives are to develop a shield sleeve for top-
loading that weighs less than 5 tons loaded, or to develop a means to move the cask 
beneath the hot cell for top loading. These concerns apply to all top loading concepts, 
including the multi-ISC cask and the short cask alternate to the HFEF-5 Cask.  


While for the fifth function (Removal of Defueled Reactor from NRIC-LOTUS), the report states 
that the reactor module will be removed intact, it is possible that these components will be too 
large and may be disassembled into smaller pieces to fit into shielded waste containers. 
Further, there does not appear to be room inside the NRIC-LOTUS test bed containment to 
stage a cargo container, if a container of that size is needed. Therefore, the loaded and closed 
containers will be lifted to the tunnel. This will likely require a lift system with more capacity 
than the 5-ton polar crane or other transport equipment. The containers will then be moved 
through the tunnel by a conveyance to be determined. The containers may be loaded into 
another transportation containers by a mobile crane at the tunnel exit. The requirements to 
permit such loading outside containment must be determined. 


Note: Current NRIC-LOTUS Requirements have limited the Demonstration Reactor Module 
weight and size to 30-ton and 12’6” wide x 12’6” high x 20’0” long. See DOORS requirement 
22650 in Table A-1. 
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Appendix B. Standard INL Waste Containers 
Table B-1. Standard INL Waste Containers 


 


  


Drums 
(gallons)


Volume (ft3) Internal Dimensions External Dimensions
Empty 


Weight (lbs.)
Maximum 


Weight (lbs.)
Unit Prices


5 0.67 11" (D) x 12" (H) 12" (D) x 14" (H)


30 4.01 18.25" (D) x 27.5" (H) 20.5" (D) x 29" (H)


55 7.35 22.5" (D) x 33" (H) 24.5" (D) x 34.5" (H)


85 11.36 26" (D) x 36.8" (H) 26.6" (D) x 38.7" (H)


IP-1 Box 
Containers


Volume (ft3) Internal Dimensions External Dimensions
Empty 


Weight (lbs.)
Maximum 


Weight (lbs.)
Unit Prices


CO-18 18 36" (L) x 36" (W) x 24" (H) 43" (L) x 43" (W) x 31" (H) 290                 9,000              2,810$            


CO-45 45 72" (L) x 46" (W) x 23.375" (H) 76" (L) x 50" (W) x 27.625" (H) 533                 10,000            2,904$            


CO-64 64 48.5" (L) x 48.5" (W) x 47" (H) 49" (L) x 49" (W) x 51.5" (H)


CO-90 90 72" (L) x 46" (W) x 47.625" (H) 76" (L) x 50" (W) x 51.625" (H) 850                 10,000            2,998$            


CO-140 140 113" (L) x 65" (W) x 35" (H) 113.75" (L) x 65.75" (W) x 45.125" (H) 1,390              20,000            5,400$            


CO-225 (IP-2) 225 113" (L) x 65" (W) x 60" (H) 113.75" (L) x 65.75" (W) x 70.125" (H) 1,964              45,000            7,962$            
IP-1 Cargo 
Containers


Volume (ft3) Internal Dimensions External Dimensions
Empty 


Weight (lbs.)
Maximum 


Weight (lbs.)
Unit Prices


CC-End Load 1,120 19' 3" (L) x 7' 8.5" (W) x 7' 10.125" (H) 20' 0" (L) x 8' 0" (W) x 8' 6" (H) 8,400              60,000            


CC-Side Load 1,120 19' 3" (L) x 7' 8.5" (W) x 7' 10.125" (H) 20' 0" (L) x 8' 0" (W) x 8' 6" (H) 5,950              61,244            


CC-Top Load 1,120 19' 3" (L) x 7' 8.5" (W) x 7' 10.125" (H) 20' 0" (L) x 8' 0" (W) x 8' 6" (H)
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Appendix C. NOT SUITABLE FOR PUBLIC 
RELEASE 
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Appendix D. Cask Options Scoring Detailed 
Analysis 


Note: Immediately following the table below is an embedded Excel file that contains the same 
information as presented here for further use or viewing by the reader. 


Table D-1. Cask Options Scoring Detailed Analysis 
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Evaluation 
Criteria  
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* Note that any one measure within a given criterion that is not scored is included for information purposes. The overall score 
for criterion with multiple measures that have been scored is an overall average score. 


A  - MISC Cask ONLY Requires Double Seal Operations for every 7 ISC/IC placed into MISC Cask 


B  - MISC Cask ONLY Requires ISC/IC where in the IC does not have a Double Seal Lid 


C  - Vertical Vault Precast Storage System is somewhat flexible due to height changes to ISC/OCs 


D  - LTC and MISC are limited flexibility requiring more shielding for other fuel types with higher burnups 


E 
 - Safeguards & Security Cost for the transfers from NRIC-LOTUS to IFSSF and are not included in the affordability operating costs 
in this table 
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Evaluation Criteria 
 


Safeguards 
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Evaluation Criteria 
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