
6 IDENTIFICATION OF HUMAN-INDUCED INTERNAL HAZARDS 

The human-induced internal events define the hazards likely to develop from the surface and subsurface 
operations in the facilities. The two primary operations in the surface facilities are (i) receiving casks at the 
facility entrance and transportation to the WHB and (ii) transferring waste into WP in the WHB. The main 
operations in the subsurface facilities are transportation and emplacement of WPs in the underground drifts. 
The waste undergoes several handling operations before it is placed underground, and it is estimated that the 
facility will handle about 696 casks in a year during peak operation (U.S. Department of Energy, 1999~). 
This chapter describes the SSCs, the sequence of operations for both surface and subsurface processes, and 
the methodology used by PCSA for conducting qualitative hazard analysis. Examples of operational hazards 
identified in the DOE analysis are also provided. 

6.1 EVENTS INTERNAL TO SURFACE FACILITIES 

A systematic analysis of the human-induced hazards internal to the facilities requires (i) description 
of the surface facilities, including facilities design, (ii) description of the systems and operations, and 
(iii) evaluation of hazards associated with the process or activity. 

The comprehensiveness of the PCSA depends on the details available for the facility, the systems, 
and the operations involved. The DOE will submit their PCSA in two phases. In the first phase, the DOE will 
perform a PCSA with preliminary design information available at the time of the LA submitted for CA. In 
the second phase, the PCSA will be updated to incorporate the final design information in support of the LA 
for a license to R&PW (U.S. Department of Energy, 1999e ). The safety analysis submitted by the DOE at 
the time of LA for CA will be less detailed than LA for R&PW, because the design will undergo changes 
during the interval between the submission of the two safety analyses. The PCSA tool is being developed 
to accommodate these changes in design from the preliminary to the final stage. The tool will also save and 
document the key safety features relied on by DOE in their design during the CA phase period. This 
information can be used later to verify that these safety features have actually being implemented at the 
R&PW phase. 

6.1.1 Description of Surface Facilities 

The North Portal surface facilities comprise a radiologically controlled area (RCA) and the Balance 
of Plant (BOP) area as shown in figure 2-4 (US. Department of Energy, 1998b, 1999~). The RCA contains 
the nuclear facilities and systems that receive spent nuclear fuel from the off site transportation system, place 
the waste in DCs ship the empty transportation carriers, and collect and package site-generated low-level 
waste for disposal. The facilities include (U.S. Department of Energy, 1999c) (i) the CPB, where rail and 
truck carriers are prepared for receiving and shipping; (ii) the WHB, where shipping casks are unloaded and 
the waste is placed in DCs for emplacement (figure 6-1); (iii) the Waste Transfer Building (WTB), where 
liquid and solid low-level waste is processed and packaged for off site shipment; (iv) the Transport 
Maintenance Building, where the SPMs and underground transporters are serviced; and (v) the Carrier 
Washdown Building, where road grime is removed from the carriers. The BOP facilities provide 
nonradiological support to surface and subsurface operations, including management and administration, 
warehousing, maintenance, fire fighting equipment, medical facilities, utility (including fuel and steam 
generation), security, markup and testing. 
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The major RCA facilities are the CPB and the WHB. The CPB houses the carrier preparation 
material handling system, which is required to prepare the incoming carrier/cask for unloading at the WHB. 
The WHB provides the structures, controlled areas, and accesses required to house and operate the waste 
preparation systems, protect operating personnel, and maintain radiological confinement. Integral to the 
facility structure are the essential waste preparation systems, including the CarrierKask Handling System, 
ATS, CTS, DC Handling System, and WP Remediation System. The associated operating and equipment 
areas for these systems are described in subsequent sections. Essential support systems include the WHB 
electrical, fire protection, radiation monitoring, and ventilation systems. 

The WHB structural system primarily consists of a structural-steel frame with metal siding and 
reinforced concrete hot cells. The waste handling process areas use concrete walls and roof slab as radiation 
shield barriers. Lower-level radiation areas, such as carrier preparation, air lock, etc., will have wall 
thicknesses varying from 1 to 3 ft, while the dry transfer area, assembly cells, DC load and decontamination, 
and DC weldingktaging areas will have a concrete wall thickness of 5 ft. The roof structures will be concrete 
slabs 8 to 10 in. thick supported by steel beams and concrete walls. Other factors that affect the building 
structure and foundation load are heavy-duty overhead cranes, with capacities up to 160 tons and 
concentrated loads on the operating floor from casks and DCs on the transfer cart. 

The WHB electrical system performs the function of conditioning, distributing, monitoring, and 
controlling power to all waste handling facility users. The system consists of the transformers, switch gear, 
controllers, uninterruptable power supplies, and distributor subsystems required to power facility lighting, 
ventilation, instrumentation, process, and mechanical equipment. The WHB fire protection system performs 
the function of detecting fire, alerting facility personnel, and automatically suppressing fire with a wet 
sprinkler system. The sprinkler water will be collected by flood drains and routed to a holding tank. The 
WHB radiological monitoring system will monitor, display, annunciate, and report on the radioactivity levels 
in the facility equipment and operating areas, exhaust air, waste water, and facility effluents under normal 
and off-normal conditions. The WHB ventilation system supplies fresh air and controls the environmental 
conditions to equipment and operating areas within the facility. The system operates in conjunction with 
facility physical barriers to control the air flow and pressure within the facility and filter the air to prevent 
radioactive contamination, exposure, and release. 

6.1.2 Description of Surface Systems and Sequence of Operations Involved 

During the operations phase of the repository, the two main activities of the surface operations are 
(i) receiving and (ii) preparing waste. The facilities associated with receiving and handling are located in the 
North Portal surface facilities. The primary system and the subsystems associated with receiving and 
handling operations in surface facilities are (U.S. Department of Energy, 1999a,c): 

CasWcarrier s h h i n e  and receivine system: (i) CasWCarrier Transport System and (ii) Carrier Preparation 
Material Handling Systems; 

Waste preparation system: (i) CarrierKask Handling System, (ii) CTS, (iii) ATS, and (iv) Disposal Canister 
Handling System. 
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A brief description of the systems, including the operational sequences involved, is given next. 

CasWcarrier shipping and receiving; system: The CasWCarrier Shipping and Receiving System consists of 
the CasMCarrier Transport System and the Carrier Preparation Material Handling Systems. 

CarrierKask Transport System. The carrierkask receiving system receives casks by rail and 
truck and provides parking for carriers and prime movers. Incoming shipments are inspected, 
and off-site transporters are parked. The off-site transporters are disengaged from the 
carriers, and SPMs are engaged. The sequence of operations is schematically shown in 
figure 6-2. The carrier is transported by the SPM to the CPB and then from the CPB to the 
WHB. 

Carrier Preparation Material Handling System. The operations in the CPB, schematically 
shown in figure 6-3, include moving a loaded carrierkask into an available preparation bay 
using the SPM and removing the personnel barriers and impact limiters. The prepared 
carrierkask is then transported either to the WHB for unloading if a position is available or 
sent to parking awaiting clearance from WHB. 

Waste preparation svstem: The Waste Preparation System consists of the Carrier /Cask Handling System, 
the CTS, the ATS, and the Disposal Canister Handling System. 

Carrier/Cask Handling System. The carriedcask handling system removes loaded casks and 
dual-purpose canisters from the truck and rail carriers. The operations in the carrierkask 
handling system are shown in figure 6-4. The truck or rail carrier is moved to the WHB by 
the on-site transporter after water washdown at the Carrier Washdown Station. A bridge 
crane reorients the cask from horizontal to vertical and places it on a transfer cart. The 
remotely operated transfer cart carries the cask to either the C T S  or the ATS. 

Canister Transfer System. The CTS receives casks containing waste in disposable canisters 
and transfers the canisters to DC. The canisters include large disposable canisters, HLW 
canisters, DOE spent fuel canisters, and Naval fuel canisters. The schematic diagram of the 
operations for the CTS is shown in figure 6-5. The vertically loaded cask enters through an 
airlock on a remotely operated cart. After the lid bolts are remotely detensioned in the cask 
preparation decontamination area, the cart moves the canister to the canister transfer cell. 
At the unloading station of the canister transfer cell, the cask lid is removed, and the 
canisters are lifted from the cask. At the DC-loading station, the large canisters are loaded 
directly into a DC, while small canisters are either loaded directly into a DC or accumulated 
in a staging rack for eventual transfer into a DC. The loaded DC is then transferred to the 
DC handling system. 

Assembly Transfer System. In the ATS, shown in figures 6-6a and 6-6b, a vertically loaded 
shipping cask enters through an airlock into one of the three identical assembly transfer lines 
from the CarrierKask Handling System. The cask, on a remotely operated cart, will pass 
into a cask preparation area. 

In the preparation area, a cask containing uncanistered fuel assemblies is be prepared for unloading 
by remote control by sampling the interior gas, venting, cooling, filling the cask with water, and 
loosening the lid bolts. A large bridge crane then moves the cask into a cask unloading pool. For 
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casks containing a dual-purpose canister, preparation includes remotely removing the cask lid and 
preparing the dual-purpose canister for unloading by sampling the interior gas, venting, cooling, and 
filling the dual-purpose canister with water. 

In the pool, depending on the cask type, either the cask shield is removed (thus providing 
direct access to the fuel assemblies) or the dual-purpose canister is unloaded from the cask 
with the bridge crane. The dual-purpose canister’s welded lid is cut open. The exposed 
assemblies are transferred by a wet fuel-handling machine to baskets in the assembly staging 
pool or directly to an underwater transfer cart. The cart transfers the assembly staging basket 
up through an inclined canal to the assembly handling cell. 

In the assembly handling cell, a vacuum drying system dries the assemblies before their 
transfer to an empty DC by a dry-fuel-handling machine. During the transfer, the DC is 
mated to the cell through a transfer port to limit any spread of Contamination. 

DC load and decontamination cells are located below the transfer port. In these cells, the 
loaded DC receives a temporary lid, disengages from the port, and is transferred on a cart 
to the decontamination cell. 

The DC is decontaminated, temporarily filled with nitrogen, and temporarily sealed before 
transfer to the DC Handling System for permanent welding. All operations are conducted 
by remote control. 

0 Disposal Container Handling System. The system provides empty DCs to the ATS and CTS 
to be loaded with either the assemblies or canisters. The operations for the DC handling 
system are schematically shown in figure 6-7. A remotely operated cart moves the DC from 
ATS or CTS in a vertical position within the reach of a large bridge crane. The crane moves 
the DC to the DC staging area or directly to a DC welding station. At the welding station, 
the operations are: (i) welding of inner lid; (ii) inspection; (iii) filling the DC with helium; 
and (iv) welding of outer lid, and inspection. The welding is done using a robotic welder 
mounted on a gantry. The DC is placed on a rotating turntable during welding at the welding 
head station. The welded and loaded DC is called a WP, which is lifted from the welding 
station and placed in a staging fixture or directly in a WP tilting fixture. A crane lowers the 
WP onto a horizontal transfer cart. The cart transfers the WP from a DC handling cell to a 
waste package transporter loading cell, then to the WP transporter airlock. 

6.1.3 Operations Hazards 

Hazards associated with the operations involved in the surface facility are discussed in this section. 
Table 6-1 shows an example of the potential hazards from the surface operations based on the DOE 
preliminary internal hazard analysis. The operations, equipmentkomponents used and the associated hazards 
for major systems have been summarized in this table from a diverse set of DOE documents 
(U.S. Department of Energy 1999c, d, f, and 1998c). 

In the PCSA methodology, the internal hazards arising from the surface operations are identified 
based on the following steps: (i) the facility is divided into major systems, (ii) each major system is further 
subdivided into functional areas/processes, (iii) process operations involved in a functional area are 
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Table 6-1. Operations hazards for surface facility (after U.S. Department of Energy, 19990 

operations 

1. Cask from distant site 

2. Off-site raiYtruck 
received 

disengaged from cask 
Carrier 

3. SPM engaged to the cask 
carrier 

4. Cask carrier transported to 
CPB 

1. Carrier and cask surveyed 
for radiation 

2. Personnel barriers 
removed 

3. Contaminants sampled 
4. Cask temperature 

5 .  Cask impact limiters 
measured 

removed 

1. Cask transported from 
CPB to WHB 

1. Cask tilted from 
horizontal to vertical 

2. Cask unloaded from 
raiYtruck carrier 

3. Cask placed on transfer 
Carts 

1. Canister unloaded from 

2. Canisters stored in staging 

3. Canisters loaded into 

4. Large canisters loaded 

cask 

rack 

disposal container (DC) 

directly from 
transportation cask to DC 

5 .  Lid unbolted 
6. Lid removed 
7. Decontamination 

Component/Equipment 

1. Rail cask carrier 
2. Truck cask carrier 
3. SPM 
4. Equipment to engage and 

disengage carriers 

1. SPM 
2. Overhead bridge cranes 
3. Gravity mounted manipulator 
4. Fixtures for removing barriers 

and impact limiters 

1. SPM 

1. SPM 
2. Remotely operated overhead 

3. Gantry mounted manipulator 
4. Lifting yoke, tools, and 

5. Transfercarts 

bridge cranes 

fixtures 

1. Area shielded hot cell 
2. Remote operated cask transfer 

3. Cask preparation manipulators 
4. Equipment for samples 
5 .  Bridge crane 
6. Shielddoor 
7. Cameras 
8. Various lifting fixtures 

Carts 

Hazards * 
1. Railcar derailment involving 

2. Possible diesel firelexplosion 
3. Cask collision 
4. Overturning of truck trailer 

involving transportation cask 
5 .  Drop of cask from carrier cradle 

during transport to CPB 

transportation cask 

1. Handling equipment drops on 

2. Transportation cask drop 
3. Transportation cask slap down 
4. Cask collision 
5 .  Possible diesel firelexplosion 

transportation cask 

1. Cask collision 
2. Derailment involving transportation 

cask 
3. Overturning of trailer involving 

transportation cask 
4. Possible diesel firelexplosion 
5. Drop of cask from carrier cradle 

during transport to WHB 

1. Transportation cask drop 
2. Transportation cask slap down 
3. Cask collision 
4. Shield door (isolation door) 

jamdcloses on transportation cask 
5 .  Crane drops cask during normal 

operations 
6. Crane drops cask onto transfer cask 

during normal lift 
7. Cask slap down and drop during 

normal lift 
8. Cask slap down due to failure of 

transport cask support 
9. Crane two-block drop of cask 
10. Possible diesel firelexplosion 

1. SNF canister drop, slap down, 
collision, drop onto DC, drop on 
sharp object 

2. Transportation cask slap down 
3. HLW canister drop, collision, drop 

onto DC, drop on to sharp object, 
slap down 

4. DCslapdown 
5 .  Canister drop onto another canister 

at small canister storage rack 
6. Shield door closes on DC 
7. Shield door closes on transportation 

cask 
8. Handling equipment drops on 

transmrtation cask. canister. or DC 
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Table 6-1. Operations hazards for surface facility (after U.S. Department of Energy, 19990 (cont'd) 

Location/Svstem 

6. Assembly Transfer 
System 
(Uncanistered Waste 
Transfer) 
[Figure 6-6 (a) & (b)] 

7. DC Welding and 
Transfer, Waste 
Handling 
Building (Figure 6-7) 

Ooerations 

1. 

2. 

3. 

4. 

5 .  

6.  

7. 
8. 

Cask placed in unloading 
PO01 
Inner shield plug removed 
under water 
Spent fuel assemblies 
individually removed from 
open cask into assembly 
basket 
Assembly basket 
transported from basket 
staging rack to incline 
underwater transfer cart 
Assembly transferred to 
drying vessels 
Dry assembly placed into 
a DC 
DC inner lid installed 
Decontamination of DC 

1. DC transferred to and 
from AT and CT system 

2. Inner and outer lid welded 
3. DC temporarily loaded 

before and after welding 
4. DCs tilted to horizontal 

position 
5. DCs loaded onto waste 

emplacement transport 
6. Decontamination 

ComponenVEquipment 

1. Bridgecrane 
2. Underwater camera 
2. Manipulator 
3. Area shielded hot cell 
4. Wet transfer machine 
5. DC Transfer cart 
6. Incline and cross-transfer cart 
7. Dry-fuel-handling machine 
8. Cameras 
9. Decontamination equipment 
10. Staging basket 
I 1. Underwater camera 
12. Shielded door 

1. Area shielded hot cell 
2. Remotely operated overhead 

bridge crane with lifting 
fixtures 

3. Transfer carts 
4. DC welding / inspection 
5 .  Welding station jib cranes 
6. Weld turn table 
7. Horizontal transfer cart 
8. Horizontal lifting system 
9. Decontamination and 

inspection manipulated 
10. Robotic welding machine 

HaZardS 

1. Spent fuel assembly (SFA) drop 
onto DC, drop onto pool floor, drop 
onto SFA staging rack, drop onto 
assembly cell floor, drop onto 
assembly dryer 

2. Loaded SNF assembly basket drop 
onto pool floor, drop onto SFA 
staging rack, drop onto assembly 
cell floor, drop onto assembly dryer 

3. Loaded SNF assembly basket 
collision 

4. Uncontrolled descent of loaded 
incline basket transfer cart 

5. SNF overheating due to loss of pool 
water resulting in excessive clad 
temperature and possible zircalloy 
cladding fire 

6. SNF overheating in an assembly 
transfer basket or dryer resulting in 
excessive clad temperature and 
possible zircalloy cladding fire 

draindodfill resulting in flooding 
and radioactive contamination of 
adjoining WHB areas 

8. Increased radiation levels in the 
assembly transfer area and potential 
uncoverina of fuel assemblies 

- 

7. Uncontrolled pool water 

1. W/DC drop, slap down, drop onto 
sharp object, and collision 

2. Handling equipment drops on DC 
3. Equipment drops onto WP 
4. Fire in WHB fuel handling area 
6. Fuel damage by bum through 

during welding process 
7. SNF overheating in a DC resulting 

in excessive clad temperature and 
possible zircalloy cladding fire 

described, (iv) the component/equipment used within the functional area is identified, and (v) a 
comprehensive list of potentially hazardous events that could result in radiological consequence is generated. 
The detailed discussion of the methodology is presented in section 6.3. 

6.2 EVENTS INTERNAL TO SUBSURFACE FACILITIES 

The subsurface facility includes (i) the infrastructure; (ii) systems for transport and handling, and 
emplacement of WPs; (iii) system for controlling and monitoring such operations; and (iv) systems to 
maintain and monitor the performance of the infrastructure and WPs throughout the preclosure phase 
(U.S. Department of Energy, 1997). Every phase of the operation that involves movement of WPs through 
actions of machines, control systems, and humans are sources of potential hazards. 
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6.2.1 Description of Subsurface Facilities 

The subsurface facilities infrastructure includes tunnels, shaft, rail, and support system, including 
the subsurface ventilation system and the electrical power system. The primary tunnels, North Ramp, North 
Ramp Extension, Main Access Drift, and turnouts, provide pathways for transport of WPs to the 
emplacement drifts as shown in figures 6-8 and 6-9 (U.S. Department of Energy, 1999g). Each of the tunnels 
is 7.62 m in diameter and will have rail track installed on concrete invert, and trolley cable suspended from 
the crown. The North Ramp has a downward grade of 2.15 percent. The emplacement drifts are 
approximately 5.5 m in diameter. The concrete invert will support rails and pedestals that receive and support 
WPs. The WPs will be placed axially over the entire length of each emplacement drift. The ground support 
for the tunnels and drifts will be in the form of rock bolts, steel sets, or cast-in-place concrete segment liners. 

6.2.2 Description of Subsurface Systems 

The primary system and subsystem associated with subsurface operations are (U.S. Department of 
Energy, 1997, 1999h): WP Transport Train System, Rail System for Transporter Train, and WP EG System. 
A brief description of the systems are given below. 

WP Transporter Train: The transporter train consists of two locomotives and the transporter. The 
two locomotives will be driven by overhead electric trolley. The two locomotives will be identical except 
that the primary locomotive will be permanently coupled to the transporter, while the secondary locomotive 
will be frequently coupled and decoupled to the transporter. The train may be operated either remotely from 
the centralized control room via radio signals or by on-board manual control. The maximum speed of the 
fully loaded transporter will be 8 krn/hr. Although the transporter and both locomotives will be provided with 
multiple brake systems (e.g., dynamic service brake, emergency brake, and parking brake), transporter train 
runaway down the North Ramp is a credible event. 

Rail System for Transporter Train: The subsurface rail (track) system extends from the exit of the 
WHB to the North Portal and into the North Ramp and throughout the Main Access Drifts and turnouts. 
There will be many switch tracks to accommodate operations such as coupling/decoupling of locomotives 
to the transporter, and reorientation of transporter as necessary in the drifts. Each switch track will be 
remotely operated and instrumented for remote position indication. The reliability of the rail system to 
maintain the gauge and the alignment between rail segments and the reliability of the switch track mechanism 
for proper realignment in each emplacement operations are potential contributors to derailment. In addition, 
failures in the instrumentatiodcontrol and remote communications systems, failures in control software, and 
human actions may contribute to the likelihood of derailment. 

WP emplacement gantry. A remotely controlled for the WP emplacement functions in the 
emplacement drifts. The gantry is self powered through a direct current third rail system. Various failures 
in mechanical, electronic, software, and human function can contribute to potential events that may result 
in radiological dose release. 

Other systems that contribute to the subsurface operations are: remote control and data 
communications system; central control room; rail electrification system; subsurface ventilation system; and 
performance confirmation system for the gantry. 
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6.2.3 Sequence of Operation for Subsurface Operations 

During the active phase of the repository, when waste forms are being accepted at the repository, the 
transport and emplacement of WPs will include the following operations (U.S. Department of Energy, 1997, 
1999h): 

0 At the WHB, the WP is transferred to the reusable railcar and loaded into shielded 
transporter railcars by remote control; the transporter is pulled away by the primary 
locomotive under remote control. 

0 After coupling a secondary locomotive to the transporter, the transporter train 
(two locomotives and a transporter) is driven under on-board manual control from the 
surface at the WHB, down the North Ramp and Main Access Drift, and then to the turnout 
to the destination emplacement drift (see figure 6-10). 

0 After decoupling the secondary locomotive, the drivers vacate the locomotive. The 
transporter is backed into the turnout (pushed by the primary locomotive under remote 
control) to the vicinity of the emplacement drift isolation doors (see figure 6-1 1). 

0 The emplacement drift isolation doors are opened by remote control, and the transporter is 
backed to the emplacement drift transfer dock (pushed by one locomotive under remote 
control). 

0 The WP is moved out of the transporter on the reusable railcar and transferred to the EG; 
all operations are by remote control (see figure 6-12). 

0 The EG raises the WP, transports it into the emplacement drift to the desired location, 
lowers it to the pedestals, and returns to the emplacement drift entrance; all operations are 
under remote control. 

0 After the train has moved away from the transfer dock, the emplacement drift isolation doors 
are closed. After arrival of the train in the main drift, drivers return to the locomotive for 
recoupling of the secondary locomotive and a return trip to the surface to receive another 
WP. 

6.2.4 Operations Hazards 

Possible hazards resulting from underground transportation of WPs and emplacement of WPs in the 
drift are shown in table 6-2. The list is based on the DOE preliminary internal hazards analysis 
(US. Department of Energy, 1999f). The systematic approach adopted in the PCSA tool to identify hazards 
from subsurface operations is described in section 6.3. 

6.3 HAZARD ANALYSIS 

The initial effort for PCSA is a hazard analysis that systematically identifies facility hazards and 
accident potential through hazard identification and hazard evaluation. Hazard analysis examines the 
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complete spectrum of potential events that could expose the public and the worker to radiological dose 
consequence. Largely qualitative techniques are used in the hazard analysis to identify weaknesses in the 
design and operation of a facility that could lead to an accident. During the hazard evaluation process, the 
safety features and controls in the design that would prevent and mitigate possible hazards are identified. The 
hazards are then screened based on low probability or low consequence and mitigative controls. The final 
purpose of the hazard analysis is to identify a limited subset of events that is carried forward for further 
safety analysis. 

In the PCSA tool, hazard analysis begins with a detailed documentation of the System Description 
of the operations occurs in the functional area being analyzed. An example System Description form for the 
canister transfer cell in the CTS is given in table 6-3. It describes the process (see figure 6-5), followed by 
a detailed step-by-step listing of the sequence of operations to be carried out. The form also lists the major 
equipment used, and gives details of the DCs and source terms. 

Based on the detailed sequence of operation given in the System Description, the hazard analysis is 
carried forward in the PCSA tool by performing a What-If and FMEA. These methods are commonly used 
in the industry and are suitable for the operations and process at YM repository facility. What-If analysis is 
primarily used in the tool for human error analysis by analyzing the hazards involved in the procedures. The 
FMEA deals mainly with the hazards resulting from the hardware and equipment failures. 

6.3.1 What-If Analysis 

The purpose of What-If analysis methodology is to identify hazards, hazardous situations, or specific 
accident events that could produce an undesirable consequence (American Institute of Chemical Engineers, 
1992). In the What-If analysis technique, a diverse team of experts is used to brainstorm and examine in 
detail each step in the process to identify potential hazards and ensure that appropriate safeguards against 
performance problems are in place. Questions such as “What-If a specific component failure, or process 
upset, or human error, or external event occurs?” are posed with regards to each of the operations sequence 
steps described in the preceding discussion. Through this questioning process, the possible accident 
situations, consequences, and existing safeguards are identified. 

What-If analysis has not been coded into the PCSA tool yet, however, in its simplest form, the 
What-If technique will generate a list of questions and answers about the process and the procedures. The 
result will be a tabular listing of hazardous situations, their consequences, safeguards, and possible action 
items to reduce hazards. If some of the hazards are postulated to be severe, those hazards will be further 
analyzed for scenario development and event grouping for event sequence analysis. The What-If analysis will 
be applied in the cask handling area where human interactions in the operations are more involved. An 
example of What-If analysis applied to the transportation system is presented in table 6-4. 

6.3.2 Failure Mode and Effects Analysis 

The FMEA technique can be described as a systematic approach intended to recognize and evaluate 
the potential failure of a process and its effects. Further, the FMEA can identify actions that could eliminate 
or reduce the chance of the potential failure. In a design application, such as in the case of the YM repository 
project, the FMEA technique is utilized primarily as a means to assure that potential failure modes and their 
associated causes/mechanisms have been considered and addressed to the extent possible. 
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Table 6-2. Operations hazards for subsurface facility (after U.S. Department of Energy, 19990 

Locstion/S ys tem 

Subsurface 
Repository 
Emplacement 

> 
Operations 

1. WP transported to 
underground drift 

2. WP em placed in 
the drift 

Component/Eauipment 

1. Transport locomotive 
2. Remotely controlled 

gantry for WP 
emplacement function 

3. Drift isolation door 

~~ 

Hazards 

1. 
2. 

3. 
4. 
5. 
6. 
7. 
8. 

9. 
10 
11 
12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

. .  

. .  

Transporter derailment outdoors 
Transporter derailment in the 
ramp or main drift 
WP car rolls out of transporter 
Runaway transporter in ramp 
Transport cask door jams WP 
Rockfall onto transporter 
Steel set drop onto WP 
Loss of WP cart restraint in 
sloped emplacement drift 
Explosion from batteries 
Flooding from water pipe break 
Emplacement railcar derailment 
Emplacement railcar collision 
with emplacement locomotive 
External unloading mechanism 
fails 
Transport cask internal off- 
loading mechanism fails 
Transporter collision with other 
stationary or moving equipment 
WP reusable rail car rolls out of 
transporter 
WFVemplacement gantry collision 
with equipment or another WP 
Rockfall onto WP / emplacement 
railcar 
Failure of isolation air locks due 
to rockfall, equipment collision or 
other impacts-as-a result of 
development operations 

20. Explosion from batteries 
21. Fire associated with WP 

transporterflocomotive or 
develoDment ea uiDmen t 
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Table 6-3. Example of system description input form 

SYSTEM DESCRIPTION 

Functional Ared'rocess: Canister Transfer Cell 

System: Canister Transfer System 

Locations: Waste Handling Building 

Functions: 

The CTS receives transportation casks, without impact limiters, containing large and small 
disposable canisters, unloads canisters from the cask, and loads them into Disposal Containers 
(DC). Large canisters are stored directly from transportation canisters into a DC. Small canisters 
are loaded either directly from the transportation cask into a DC or are stored in a shielded lag 
storage area until enough canisters are available to fill a DC. Transfer Line: Airlock, Cask 
Preparation and Decontamination Area, Canister Transfer Cell. 

Detailed Operations Sequence: 

Ensure Airlock exit door is closed 

Open Airlock entrance door 

Transport Cask and Cart to airlock 

Close Airlock entrance door 

Open Airlock exit door 

Transport cask and cart into Cask Preparation & Decontamination area 

Close Airlock exit door 

Position cask and cart for unbolting lid 

Using cask preparation manifold and manipulators, unbolt cask lid 

Open Canister Transfer Cell entrance door 

Transport cask and cart into unloading station area 

Close canister transfer cell entrance door 

Position cask and cart, and chock cart wheels 

Using bridge crane, lift cask lid and place on floor in the unloading station 

Grip canister in the open cask with bridge crane grapple 
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Table 6-3. Example of system description input form (cont’d) 

SYSTEM DESCRIPTION 

Functional A redProcess: Canister Transfer Cell 

System: Canister Transfer System 

Locations: Waste Handling Building 

(A) Small canisters : 

- two-step operation 

- 

- 

- 

- 

- 

- fill DC with canisters 

lift canister from cask and place in canister staging racks 

disengage crane grapple from canister 

repeat canister lifting operations till cask is empty 

fasten lid and transport empty cask out of canister transfer cell 

transfer canister from staging rack to DC 

(B) Large Canister : 

- one-step operation 

- 
- 

- 

lift canister from cask and place in the DC 

disengage crane grapple from canister 

using manipulator and bridge crane, fasten lid on DC 

- open Canister Transfer Cell exit door 

transport disposal container and cart to DC Handling System area 

close Canister Transfer Cell exit door 

- 

- 

Equipment Used: 

(i) Remotely operated transfer carts 

(ii) Remotely operated cask preparation manipulators 

- equipment sampling 

- cask unbolting 
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Table 6-3. Example of system description input form (cont'd) 

w 

SYSTEM DESCRIPTION 

Functional A redprocess: Canister Transfer Cell 

System: Canister Transfer S ys tern 

Locations: Waste Handling Building 

- lid removal 

- decontamination 

Remotely handled overhead bridge crane, 

- lift yokes 

(iii) 

11 (iii) Large and small canister lifting fixtures 

Disposable Canisters and Source Terms: 

(1) Defense High-Level Waste (DHLW) 

- vitrified glass 

- requires two lifts per canister 

(2) Commercial Spent Nuclear Fuels (CSNF): 

- canistered PWR/BWR (BWR-7, BWR-9, BWR-17, BWR-24, BWR-44, BWR-61, 
PWR-4, PWR-7, PWR-12, PWR-24, PWR-26) 

- requires one lift per canister 

(3) DOE Spent Nuclear Fuels (DSNF) 

- nuclear reactor fuel, pressurized Multi-Canistered Overpack (MCO) 

The purpose of FMEA is to identify the failure modes of the SSCs and the potential effect of each failure 
mode in the facility. This technique is universally applicable to the systems, subsystems, components, 
procedures, and interfaces. The method uses deductive logic to evaluate a system or process for safety 
hazards and ultimately to assess risk (System Safety Society, 1997). This method is an extremely detailed 
approach in which a design is reviewed, component by component, to determine failure modes of the 
components and their effect on a system or process. For a specific functional area of the facility or process, 
the method is used to identify specific failure modes, possible causes, and immediate effects. The failure 
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mode describes how the equipment or hardware fails. The effect of the failure mode is determined by the 
systems’ response to the equipment failure. The method then identifies each potential failure according to 
its severity. The FMEA procedure contains three steps: (i) defining the study problem, (ii) performing the 
review, and (iii) documenting the results. 

The FMEA requires a detailed understanding of the facility design and methods of operation. This 
information is usually obtained from the process diagram, design drawings, and descriptions of the facility. 
When conducting an FMEA using the PCSA tool, the facility is first divided into functional areas with 
established physical system boundaries, and a System Description is prepared for each functional area. The 
System Description form is opened in the PCSA tool by clicking on the SysDesc menu (see figures A-2 and 
A-3 in appendix A). 

When completed, the System Description form will contain a detailed description of the functions of the 
system or functional area being analyzed, a detailed operation sequence, a list of equipment used, a 
description of the cask or canister to be transported through the functional area, and the associated source 
terms. The system description for the CTS is shown in table 6-3, and serves as an example of a completed 
System Description in the PCSA tool. The System Description can be modified with improving design 
details. 

The FMEA is implemented in the PCSA tool using MSAccess database software. A standard FMEA 
format allows analysis in a systematic manner, reduces the possibility of omission, and enhances the 
completeness of the M A .  The standard M A  format was used in the tool, with minor modification, to 
help ensure thorough and efficient review. The FMEA has been designed to be a living document to carry 
forward the analysis from CA to R&PW stage. The FMEA will accommodate changes in the design, which 
will be more detailed at the R&PW stage compared to the preliminary design at the CA stage. 

The FMEA button, located in the MSAccess application Hazard Analysis, as described in section 4.3, 
leads to an FMEA-FORM, which allows data entry for hazard analysis component by component 
(see figures A 4  and A-5). Fields available in the form are: System, Item No., Component Description, 
Failure Mode, Causes of Failure, Effect of Failure, Recommended Safeguards and Controls, DOE Safeguard 
and Control, Severe Event, and Remarks. The FMEA-FORM is linked to a FMEA-TABLE (figure A-6), 
which displays the same data as the FMEA-FORM, showing multiple records at a time in a tabular format. 
The FMEA-FORM fills only one row of record in an FMEA-TABLE. The fields in the FMEA-TABLE can 
be modified using the edit menu. There are ADD RECORD and DELETE RECORD buttons to add and 
delete a row at any location in the FMEA-TABLE. The edit, add, and delete features allow modifications 
of the FMEA-TABLE to document changes in the design of the facility. Further, these features will help to 
maintain the continuity of the safety analysis from CA to R&PW. 

Each potential failure is judged according to severity on qualitative basis and entered as Yes or No in the 
Severe Event field. The severity will be influenced by the safety features and controls incorporated by the 
DOE in their design. The FMEA serves as a document for recording the safeguards and controls claimed by 
the DOE for eliminating a severe event. This feature will be useful in ensuring that the DOE implements the 
controls in their design at the R&PW stage. The tool generates a report, a sample of which is shown in 
table 6-5 for the CTS. 

The report also includes a Recommended Safeguards and Controls column, which serves as a checklist 
for comparison with the safeguards and controls proposed by the DOE. This column will be useful if the staff 
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chooses to perform an independent FMEA on selected critical areas of the process in advance of the DOE 
LA. 

The next step in the safety analysis is to identify the initiating events. The initiating events can be 
identified from the severe events postulated in FMEA. The user selects the Hazard Identification button in 
the MSAccess Application Hazard Analysis (see figure A-6). After clicking the Hazard Identification button, 
users will see a table containing the events filtered by Yes in the Severe Events field in the FMEA-TABLE. 
The table displays Failure Mode, Cause of Failure, and Effects of Failure from the FMEA-TABLE. In 
addition, there are two blank fields “Source Term” and “Remark” to help the user to record additional 
information. The tool generates a report, an example of which is shown in table 6-6. 

A checklist database is under development to assist in FMEA. Current options available in the checklist 
are: (a) component failure modes checklist, and (b) internal events checklist. The component failure modes 
checklist provide a list of possible failure for a component or equipment. The internal events checklist helps 
to identify the effect of failure that may result in release of energy in any form or forms (e.g., potential or 
kinetic, mechanical energy, electrical energy, chemical energy, and thermal energy). 
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7 IDENTIFICATION OF INITIATING EVENTS, EVENT 
SEQUENCES, AND EVENT SCENARIOS 

This chapter deals with the Event Sequence Identification module in the PCSA structure shown in figure 3-2. 
Event scenarios are combinations of initiating events and subsequent sequences of events that may lead to 
radiological dose release. These scenarios are developed from the hazard analyses of the internal operations 
of the facility. Initiating events are first identified from the results of the FMEA, and event scenarios are then 
developed by postulating event sequences for each initiating event. The probabilities associated with each 
initiating event and event sequence are quantitatively analyzed using event tree and fault tree analyses. 

7.1 EVENT TREE ANALYSIS 

An event tree analysis is a graphical tool used to characterize and quantify event sequences by 
postulating an initiating event and propagating its consequences through a series of safety-related system 
failures or operations (U.S. Nuclear Regulatory Commission, 1994). An event tree models the sequence of 
events that result from a single initiating event. Event trees provide a systematic way of recording the event 
sequence and defining the relationships between the initiating events and subsequent events that result in 
accidents. 

The technique is universally applicable to system of all kinds and is widely used in the Probabilistic 
Risk Analysis (PRA) for nuclear power plants (U.S. Nuclear Regulatory Commission, 1983). Although the 
technique is exhaustively thorough, the success of the technique is based on three basic presumptions: (i) that 
all systemevents have been anticipated, (ii) all consequences of these events have been explored, and (iii) the 
probabilities of failure for all the events have been correctly assumed. 

The events that appear in the event tree are analyzed using actuarial data or fault trees. If the system 
represents a single component or equipment, actuarial data of the component failure rate can be directly used 
in the event tree. For multicomponent or complex systems, fault trees are used to find the component failure 
and human errors that lead to the failures. A separate fault tree is built for each system failure branch point 
in the event tree. 

The process for event tree analysis is described in figure 7-1 (Frank et al., 1998). An event tree 
begins with an initiating event on the left and ends with an end state on the right. Across the top are events 
that must influence how the initiating event can progress to one of the end states. A scenario is characterized 
by a line starting at the left under the initiating event and is processed horizontally and vertically along a 
solid line. The initiating event has a frequency of occurrence, fiE which may have units such as per year. Each 
subsequent event is processed as a yedno question based on the success/failure of the event. If the answer 
is yes, the scenario proceeds up and then right to the next event. If the answer is no, the scenario proceeds 
downwards before going right. A number, such as p(El/IE), characterizes the fraction of Occurrences for 
which the answer is yes. This is called the conditional probability of the event or branch point probability. 
Each scenario has an end state and a scenario frequency. Each mode has two branches extending to the right. 
The sum of the two branch point probabilities must equal unity. The scenario frequencies, therefore, reflect 
the partitioning of the initiating event frequency such that the sum of the scenario frequencies equals the 
initiating event frequency. 
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Figure 7-1. Concept of event tree (Frank et al., 1998) 

Because of the complementary nature of using both inductive and deductive reasoning processes, 
event trees and fault trees are often combined for system risk analysis. This practice produces more complete, 
concise, and clearer development and documentation of scenarios than using either one exclusively. 
High-level events, such as systems or functions, can be depicted in event trees, and fault trees can be used 
to analyze the causes of system or subsystem failures depicted in the event tree. Thus, event trees generally 
give an overview of the scenarios leading to end states, while fault trees are used to analyze causes of failures 
and development of the probabilities. If the system represents a single component or equipment, actuarial 
data from the failure rate can be directly used in the event tree. 

7.2 FAULT TREE ANALYSIS 

Construction of a fault tree involves deductive reasoning, and it is often useful in developing the 
hierarchy of events (Frank et al., 1998). The initial step in constructing a fault tree involves the specification 
of the top event (shown in figure 7-2), which is simply the undesired state of a system. The system is then 
analyzed in the context of its operation and items related to safety to find all credible ways the top event can 
occur. In the process, all redundancies, controls, software, maintenance, inspection, and other human actions 
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Figure 7-2. Concept of fault tree (Frank et al., 1998) 

should be considered. A fault tree uses logical gates (AND, OR, NOT) to depict the relationships among 
events and the top event. The lowest level in a fault tree is called a basic event. Each basic event may be 
assigned a probability of occurrence. The probability of failure is obtained from the actuarial database of 
failure rates of components. If a fault tree is constructed and analyzed correctly, it will provide the 
probability of the occurrence of the top event as a probabilistic combination of the basic event probabilities. 
Any fault tree has an equivalent Boolean equation that expresses the relationship of the events and the top 
event. To correctly obtain the probability of the top event as a function of those basic events, a fault tree has 
to be Boolean reduced to its prime implicant (Frank et al., 1998). 

The forms and reports used to identify and collect the input parameters for building fault tree 
diagrams are still under development and have not been included in this progress report. They will be 
addressed in the final report. The SAPHIRE software, which will be used in creating the fault tree diagrams, 
is functional and available in the PCSA tool, as described in the following section. 

7.3 SOFTWARE USED TO PERFORM EVENT TREE AND FAULT TREE 
ANALYSIS IN THE PRECLOSURE SAFETY ANALYSIS TOOL 

The event tree and fault tree are analyzed using SAPHIRE Version 7.06 software. SAPHIRE 
software was developed for the Division of Systems Technology Office, NRC, Washington, DC, by Idaho 
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National Engineering and Environmental Laboratory, Idaho. The software is distributed by RSICC, 
Oak Ridge National Laboratory, Oak Ridge, Tennessee. 

The SAPHIRE software is a collection of programs developed to perform the functions necessary 
to create and analyze PRA primarily for nuclear power plants (Russel et al., 1993). The programs included 
are the Integrated Reliability and Risk Analysis System (IRRAS); the System Analysis and Risk Assessment 
(SARA) System; the Models and Results Database (MAR-D) System; and the fault tree, event tree, and PQD 
(FEP) graphical editor software. These programs include functions to allow the users to create event trees 
and fault trees, to define event sequences and basic event failure data, to solve system and accident sequence 
fault trees, to quantify cut sets, and to perform uncertainty analyses on the results. The program allows one 
to generate reports and displays that can be used to document the results of an analysis. 

SAPHIRE Version 7.06 is a Windows@ based software ,and it is the main vehicle for event tree and 
fault tree analysis in the PCSA tool. The SAPHlRE program is invoked by clicking SAPHIRE on the menu 
bar in the tool. SAPHIRE displays a sub window in the foreground of this tool. The user of the PCSA tool 
needs to be familiar with the modeling techniques for event tree and fault tree using SAPHIRE. 

7.4 DEVELOPMENT OF EVENT SCENARIOS USING THE PRECLOSURE 
SAFETY ANALYSIS TOOL 

An event tree emphasizes the initial cause of potential events and works from the initiating event to 
the event’s final effects. Each branch of the event tree represents a separate event scenario. The initiating 
events identified from FMEA are developed into event scenarios. 

Event scenario reports are created in the PCSA tool to serve as inputs for the event tree diagrams to 
be created in the SAPHIRE portion of the tool. To create the event scenario, the user selects the Event 
Scenario (event tree analysis) button in the MSAccess@ application Hazard Analysis (see figure A 4  in 
appendix A). The event scenario is developed through the Event Scenario Form shown in figure A-10. The 
fields in this form are Accident Scenario, Initiating Event and Probability, Sequential Event and Probability, 
and Remarks. The user develops the accident scenario based on the initiating event and postulated sequence 
of events. The Event Scenario Form allows input of the first event sequence. Additional events are inserted 
using the Add Event Sequence button. The Event Sequence Form connects to the Event Sequence Table, 
which allows the user to view records in a tabular form. The user can edit the table using the edit menu. Each 
event, initiating and sequential, has a probability of occurrence. The occurrence probability is obtained from 
the actuarial database discussed in chapter 5. This database provides the failure rate data for different 
equipment. The probability of failure is estimated from the actuarial data by multiplying the failure rate with 
an appropriate parameter, such as the expected number of demands or hours of operation. A sequence of 
events may depend on the failure of a component rather than a piece of equipment. If the operation of the 
component depends on several pieces of equipment, the probability of failure of the system is estimated by 
fault tree analysis. The tool generates a report on the event scenario; an example of the event scenario for 
the C T S  is shown in table 7-1. The table serves as input to the event tree model, analyzed using SAPHlRE 
software. 

The event scenario, where the crane drops a canister because of a rope failure, is shown in table 7-1 
(No 2). The event tree for this event scenario is graphically displayed in figure 7-3. In this event scenario, 
the rope failure is the initiating event, while the event sequence includes the possibility of a defective canister 

7-4 



cc) w 

Table 7-1. Example of preclosure safety analysis event scenario report 

*HVAC failure 

feet). Source term: 

11 *heating ventilation and air conditioning 

and the unavailability of the HVAC system. The probabilities for the failure of the rope and for the weld 
defect in canisters are obtained from actuarial data and are represented as 4E-3 and 1.06E-3, respectively, 
in the event tree diagram. The unavailability of HVAC is determined using fault tree analysis 
(U.S. Department of Energy, 1998~). The probability of 4.8E-4 represents the unavailability of the HVAC 
system in the event tree diagram. The event tree analysis evaluates the end-state frequency for event 
sequences. Each event sequence is given a unique number, and the results are stored in the summary of event 
tree analysis table, as shown in table 7-2. This table also includes the category assigned to each event, as 
described in the next section. 

7.5 CATEGORIZATION (1 AND 2) OF EVENT SEQUENCE BASED ON 
FREQUENCY 

The DOE has assumed a preclosure operational period of 100 yr (U.S. Department of Energy, 
1999d). Based on their expected frequencies of occurrence, events are designated as Category 1 and 
Category 2 events, as defined in the draft 10 CFR 63.2. The Category 1 events defined in draft 10 CFR 63.2 
are those natural and human-induced events that are expected to occur one or more times before permanent 
closure of the GROA. The frequency of Occurrence of a Category 1 event is zt 10-'2/yr. 

The Category 2 events defined in draft 10 CFR 63.2 are other natural and human-induced events that 
have at least one chance in 10,000 of occurring before permanent closure of the geologic repository and 
appropriate consideration of natural events (phenomena) that have been historically reported for the site and 
geologic setting. The frequency of occurrence of Category 2 events is <102/yr but zt 10q6/yr. Those events that 
have an expected frequency of <10-6/yr are termed beyond design base events. Each event sequence 
described in the summary of event tree analyses table is categorized in the table, as shown in table 7-2. 

7-5 



3 

CDRP 

Crane Drops load 
Rope Failure 

J 

DECA HVAC # 

Defective 
Canaister 

Rope failure 

4OE-3 

HVAC 
Available 

0.99894 

HVAC Available 

2 
Defective Canista 0.99952 

Frequency 

3.99E-3 

4.24E-6 

209E-9 

Evat-No. 

NO-RELEASE 

moo9 

m o l 0  

Figure 7-3. Event tree analysis of crane drops a canister 
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8 CONSEQUENCE ANALYSIS 

This chapter presents the progress made in the consequence analysis module of the PCSA tool highlighted 
in figure 3-2. The functions of the consequence analysis are found under the Consequences menu in the 
PCSA toolbar, as shown in figure A-15. The three main options in the Consequences menu are: Input, 
RSAC, and Output. Shown in figure A-15, the Input option presents the user with the input parameters 
required for the consequence analysis. In this version of the PCSA tool, the input parameters are provided 
for the single example consequence calculation presented later in this report. The RSAC option spawns the 
RSAC Version 5.2 and is displayed in figure A-16. This PCSA consequence analysis was performed by 
loading and running two RSAC input files that contain the input information for each of the two source terms 
in sections 8.2.1 and 8.2.2 with the same input parameters presented in section 8.3. One RSAC computation 
corresponds to a consequence calculation for the release of radionuclides from the hypothecated rupture of 
1 MTU of PWR fuel, and the other RSAC computation corresponds to a consequence calculation for the 
release of 6oCo CRUD from the cladding of a single pressurized water reactor (PWR) fuel assembly. The 
Output option presents the results of the consequence analysis (the output format is depicted in figure A-17) 
including the results of the two RSAC computations. 

The current version of the PCSA tool requires the user to load and run the input files within RSAC and 
manually transfer the results to the output tables contained under the Output option in the Consequence 
menu. By running RSAC in the background, future versions of the PCSA tool will automate the computation 
of the output data from the input data. Changes made to the input data within the PCSA would automatically 
invoke a new RSAC run that subsequently updates the PCSA consequence output tables, thereby alleviating 
the need for the user to load and run input files within RSAC. The remainder of the chapter presents an 
example calculation of the radiological consequences from a handling event that releases radioactivity from 
PWR SNF. 

8.1 APPROACH 

Radiological consequences were calculated for an event scenario that resulted in a breach of the 
waste container and release of radioactive material. The RSAC was used to calculate the internal and external 
dose equivalents for an off site member of the public. RSAC can be obtained under the CCC-125 code 
package designation from the RSICC (Center, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, 
Tennessee 3738 1-6362). Shonka Research Associates, Inc. (Shonka Research Associates, 1993) verified and 
validated the use of RSAC for safety-related dose calculations in accordance with ANSX/ANS-10.4, 
American National Standard Guidelines for the Verification and Validation of Scientific and Engineering 
Programs for the Nuclear Industry (American National Standards Institute, Inc./American Nuclear Society, 
1987). The rupture of a PWR-21 WP was modeled as an instantaneous release of radionuclides from the WP 
at the ground surface. A release height of 1 m was chosen to simulate a ruptured WP on the ground surface. 
To date, only preliminary off-site doses to a residential receptor have been computed. Worker dose has not 
yet been completed. No credit was taken for the retention of released radionuclides by the WHB or from 
HEPA filters, which implies a conservative situation with a breached PWR-21WP located on the ground in 
the open desert. An additional calculation was performed to include the effect of an operational HEPA 
filtration system. 

The draft 10 CFR Part 63 asserts that farming receptors are appropriate at distances no closer than 
20 km and contends that residential receptors are feasible for distances closer than 20 km. The current PCSA 
tool considers an adult residential receptor at an off-site distance of 5 km. Other receptors, such as on-site 
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workers and an off site farming community at 20 km, will be added to future versions of the PCSA tool. 
Internal and external doses were calculated for an off-site distance of 5 km (U.S. Department of Energy, 
1998~). The events that result in the release of radioactivity are expected to occur with a low probability, 
much less than yr- I ,  which implies classifications as Category 2 DBEs (refer to section 8.6, Preclosure 
Dose Limits). Therefore, the consequence analysis focused on calculating event doses that could be 
compared to the 5-rem-dose limit stipulated in draft 10 CFR Part 63 for Category 2 DBEs. Internal doses to 
the residential receptor were calculated for the inhalation pathway, and the external doses were computed 
for the pathways of ground surface exposure and submersion. The ingestion pathway was considered 
inappropriate for the residential receptor and was not included in the dose calculation. The omission of the 
ingestion pathway would be nonconservative for receptors who eat significant amounts of the contaminated, 
locally produced food. 

8.2 SOURCE TERM 

The two components of the source term are the radionuclides in the SNF and the 6oCo on the 
cladding (referred to as CRUD). The consequence calculation presented in this report is based on the rupture 
of a WP containing 21 PWR fuel assemblies (PWR-21). 

8.2.1 Radionuclides in the Spent Fuel 

The average PWR fuel characteristics are a burnup of 39,560 MWd/MTU, enrichment of 
3.69 percent, and decay time of 25.9 yr (US. Department of Energy, 1998~). The inventory of radionuclides 
in the spent fuel were generated for the fuel characteristics shown in table 8-1 using the Light Water Reactor 
(LWR), Radiological Database (Light Water Characteristics Database, 1993), which is based on results from 
the ORIGEN2 code (Croft, 1980). A shorter decay time of 10 yr was used in the consequence calculation for 
conservatism. 

The radionuclide inventories considered in the consequence analysis are presented in table 8-2 in 
terms of activity per metric ton of uranium (CMTU). The impact energy of the rupture (e.g., from the 
dropping of a WP or container) results in the pulverization of fuel and the release of a fraction of the 
radionuclide inventory into the air. The activity of radionuclides released from the WP was calculated from 
the product of the activity of radionuclides within the fuel and the release fraction. The release fractions were 
obtained from NUREG-1 536 (U.S. Nuclear Regulatory Commission, 1997). For those radionuclides not 
listed in NUREG-1536, the release fractions for an impact rupture were set to their maximum value based 
on values in NUREG-1567 (U.S. Nuclear Regulatory Commission, 1998b), namely at 2 x for volatiles 
and particulates and 0.4 for noble gases. In addition, the release fraction for solids was conservatively scaled 
up from 1 x loq6 to 2 x to match the value for volatiles and particulates. It is important to note that 
16 isotopes, with released activities greater than 1 x lo-'' Ci/MTU, were not contained in the RSAC 
radionuclide database. The 16 radionuclides not included in the RSAC calculation were 244Cm, 113mCd, 243Cm, 

16 radionuclides accounted for less than 0.1 percent of the released activity and are not expected to make 
significant contributions to the calculated doses. In addition, the radionuclides with very small released 
activities, less than 1 x lo-'' Ci/MTU, were neglected from further consideration and are not presented in 
table 8-2. 

242mh, 2 4 2 ~ ~ ,  242cm, 146pm, 2 3 8 ~ ~ ,  8 1 a  102Rh 212p 
7 , 0, 108mAg, '@Cd, IarnHo, '"Ag, and 41Ca. However, these 

Over the three criticality groupings with infinite multiplication factors of 5 1 .OO, s 1.13, and s 1.45, 
the largest average value for the metric tons of uranium contained within a PWR-2 1 WP, 9.01 MTU/WP, was 
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Reactor Fuel Type 

Burnup (MWd/MTU) 

w 

PWR 

39560 

Table 8-1. Fuel characteristics 

Enrichment (percent) 

Decay Time (yr) 

3.69 

10 

1 

Table 8-2. Radionuclide inventories and released activities. The inventory in fuel values were 
determined for the fuel characteristics shown in table 7-1 using the light water reactor radiological 
database (Light Water Characteristics Database, 1993). The release fractions were obtained from 
NUREG1567 (US. Nuclear Regulatory Commission, 1998b) and NUREG-1536 (U.S. Nuclear 
Regulatory Commission, 1997). The released activity was calculated as the product of the inventory 
in fuel and release fraction for each radionuclide. 

39Ar 6.78 x 10-5 0.4 2.71 x 10-5 

54Mn 1.44 x lo-' 2.0 x 2.89 x 10-7 

1.38 x 10 2.0 x 2.77 x 

1.16 x 2.0 x 2.32 x 

63Ni 

65zn 
"Se 

85Kr 

2.79 x 10 2.0 x 5.58 x 

4.31 x lo2 2.0 x 8.61 x 10-4 

3.49 x 10-3 2.0 x 6.98 x 10-9 

4.88 x lo-' 2.0 x 9.76 x 10-7 

5.60 x 103 0.4 2.24 x 103 

II 4.75 x 10-4 I "Fe I 2.38 x lo2 I 2.0x II 

1.09 x 10' 2.0 x 2.17 x 9 3 m m  

II V O  I 2.56 x 103 I 2.0 x I 5.1 1 x 10-3 II 

I1 90Sr I 6.70 x 104 I 2.3 x 10-5 I 1.54 x 10' II 
II wY I 6.7 x 104 I 2.0 x I 1.34 x I1 

I1 4.98 x I I1 932r I 2.49 x loo I 2.0 x 
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12%n 

12%b 

12%b 

Table 8-2. Radionuclide inventories and released activities (cont'd) 

9.38 x lo-' 2.0 x 1.88 x 

1.45 x 103 2.0 x 2.90 x 10-3 

1.31 x lo- '  2.0 x 2.63 x 10-7 

Inventory Release Released 
Isotope in Fuel Fraction Activity 

(Ci/MTU) (unitless) (Ci/MTU) 

"Nb 1.25 x 10' 2.0 x lo+ 2.50 x 
a 

1 2 5 " ~ ~  

1291 

9 3 ~ ~  I 2.29 x I 2.0 x I 4.57 x 

2.0 x 7.08 x 10-4 

3.77 x 0.1 3.77 x 10-3 

3.540 x lo2 

99Tc 1.54 x 10' 2.0 x 3.08 x 10-5 

134cs 

~~ ~ 

'06 Ru 5.74 x lo2 1.5 x 10-5 8.61 x 10-3 

lo6 Rh 5.74 x lo2 2.0 x 1.15 x 1 0 - 3  

7.29 x 103 2.3 x 10-5 1.68 x lo-' 

II '07 Pd I 1.37 x lo-' I 2.0 x I 2.74 x 10-7 

I 

"@'"Ag 5.80 x 10-3 2.0 x 1.16 x 

"'Ag 2.68 x 10-3 2.0 x 5.35 x 10-9 

' "'"Ag 2.01 x lo- '  2.0 x 4.02 x 10-7 

1 19nsn 2.14 x lo- '  2.0x 4.28 x 10-7 

l 3 T S  5 . 5 0 ~  lo-' 2.0 x 1.10 x 

1.68 x I 8 . 4 0 ~  lo-' I 2.0 x I 121msn II 

l3'CS 9.72 x 104 2.3 x 10-5 2.24 x 10' 

1.88 x I 9.38 x lo- '  I 2.0 x I 126msb 

II 1 3 7 " ~ ~  I 9.2ox 104 I 2.0 x I 1 . 8 4 ~  lo-' 
II W e  I 1 . 4 2 ~  lo2 I 2.0 x I 2.83 x 10-~ 

II 14Pr I 1.42 x lo2 I 2.0 x I 2.83 x 10-~ 

II lUmPr I 1 . 7 0 ~  10' I 2.0 x I 3.40 x 

II 147Pm I 9.12 x 103 I 2.0 x I 1.82 x 

I II '"Sm 4.51 x lo2 I 2.0 x 1 9.02 x 10-~ 
~~ 
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Table 8-2. Radionuclide inventories and released activities (cont'd) 

"'Eu 2.08 x 103 2.0 x 4.16 x 10-3 

ls3Gd 6.01 x 10-4 2.0 x 1.20 x 10-9 

208T1 1.44 x 2.0 x 2.89 x 

212Pb 4.02 x 2.0 x 8.04 x 

212Bi 4.02 x 2.0 x 8.04 x 

216Po 4.02 x 2.0 x 8.04 x lo-* 

219Rn 7.79 x 0.4 3.1 1 x 

220Rn 4.02 x 0.4 1.61 x 

222Rn 4.26 x 10-7 0.4 1.71 x 10-7 

224Ra 4.02 x 2.0 x 8.04 x 

228Th 4.02 x 2.0 x 8.03 x 

23('Th 1.44 x 10-4 2.0 x 2.88 x lo-'' 

231Th 1.81 x 2.0 x lo+ 3.61 x 

23qh 3.14 x lo-' 2.0 x 6.28 x 10-7 

233Pa 4.77 x lo-' . 2.0 x 9.54 x 10-7 

234mPa 3.14 x lo-' 2.0 x 6.28 x 10-7 

234Pa 4.08 x 10-4 2.0 x 8.17 x lo-'' 

232-0. 4.37 x 2.0 x 8.73 x 

234u 1.25 x 10' 2.0 x 2 . 5 0 ~  

2 3 5 u  1.81 x 2.0 x 3.61 x 

236u 3.01 x lo-' 2.0 x 6.03 x 10-7 

238u 3.14 x lo-' 2.0 x 6.28 x 10-7 

237Np 4.77 x lo-' 2.0 x 9.54 x 10-7 

237u 2.33 x loo 2.0 x 4.66 x 
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Table 8-2. Radionuclide inventories and released activities (cont'd) 

I 236Pu I 7.50 x I 2.0 x I 1.50 x 1 0 - 7  

II 238Pu 2.0 x lo+ I 8.17 x 10-3  

II I 3.94 x lo2 I 2.0 x I 7.89 x 10-4 

ll 240Pu I 5.77 x lo2 I 2.0 x I 1.15 x 10-3 

R 241Pu I 9.49 x 104 I 2.0 x I 1.9ox lo-' 

II 242Pm 2.0 x lo+ I 4.27 x 

ll "'Am I 2.13 x lo3 I 2.0 x I 4.26 x 10-3 

243Am I 2.71 x 10' I 2.0 x I 5.41 x 10-5 

II 245Cm I 3.89 x lo-' I 2.0 x I 7.77 x 10-7 

246Cm I 8.21 x I 2.0 x I 1.64 x 10-7 

used in the calculations (U.S. Department of Energy, 1998d). The released radionuclide activities (Ci/MTU) 
of table 8-2 represent the source term for the consequence analysis and were input into the RSAC code. To 
determine the total radionuclide activities within a PWR-21 WP, the inventories of table 8-2 should be 
multiplied by 9.01 MTU/WP. The RSAC dose calculations were based on the released activities per metric 
ton of uranium in table 8-2, and the doses from the rupture of a PWR-21 WP were calculated by simply 
multiplying the RSAC outputs in units of rem/MTU by 9.01 MTU. 

8.2.2 6oCo CRUD on the Fuel Cladding 

A separate RSAC computation considered doses from @'Co CRUD on the cladding. The amount of 
@'Co CRUD on the PWR fuel cladding was determined from NUREG/CR-6487 (Anderson et al., 1996) by 
multiplying the %o activity per unit area (1.4 x Ci/cm2) by the surface area per assembly 
(3 x lo5 cm2/assembly). The activity per assembly was found to be 42 Ci/assembly. The NUREG/CR-6487 
data were based on PWR fuel with a burnup of 33,000 MWd/MTU, an enrichment of 3.2 percent, and a 
decay time of 5 yr. Despite the smaller burnup and enrichment values when compared to the average PWR 
fuel characteristics (see section 7.2. I), the shorter decay time of 5 yr is expected to yield a conservative 6oCo 
activity from CRUD, and therefore, no decay corrections were made for the age of fuel characterized in 
NuREG/CR-6487. 

A release fraction of 0.15 for the @'Co CRUD as stated in NUREG-1536 (U.S. Nuclear Regulatory 
Commission, 1997) was used to calculate a released @'Co activity from CRUD of 6.3 Ci/assembly. 
Multiplication of the released activity by the PWR-21 fuel assemblies resulted in a total released 6oCo 
activity from CRUD of 132 Ci for the rupture of a PWR-21 WP. Similar to the case for the radionuclides in 
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SNF, the released activity per assembly represents the source term for the consequence analysis and was 
input into the RSAC code. The RSAC dose calculations were based on the released 6oCo activities per 
assembly, and the dose outputs for the 6oCo CRUD, in units of redassembly, were multiplied by the 21 
assemblies in the PWR-21 WP. 

8.3 INPUT PARAMETERS AND ASSUMPTIONS 

In addition to the radionuclide inventories presented in the previous section, the RSAC code required 
inputs for the (i) meteorological data, (ii) inhalation dose calculation, (iii) ground surface dose calculation, 
and (iv) submersion dose calculation. These four input series are presented in the upcoming subsections. 
Based on the verification and validation of the RSAC code for safety-related dose calculations (Shonka 
Research Associates, Inc. 1993), the RSAC defaults are expected to represent conservative or appropriate 
values for most circumstances. Those parameters requiring specific user inputs or involving site-specific 
information are discussed in the following sections. For the preliminary nature of the PCSA consequence 
analysis and where specific data were not available, the RSAC default values are thought to be reasonably 
conservative and appropriate for the YM site. RSAC and its default weather data were stated to be applicable 
to other high, flat desert terrains such as the Nevada test site (Shonka Research Associates, Inc. 1993). 

8.3.1 Meteorological Data 

The meteorological data inputs for the RSAC dose calculation are displayed in table 8-3. To simulate 
a ruptured WP at the ground surface, a (stack) release height of 1 m was chosen. For releases less than 
15 minutes in duration over desert terrain, the Hilsmeier-Gifford plume diffusion is recommended (Wenzel, 
1994) and was selected for this calculation. As assumed in Regulatory Guide 1.98 (U.S. Nuclear Regulatory 
Commission, 1976) for a ground-level release, an average wind velocity of 1 m/s and a weather class of F 
were selected. A site-specific value of 1 . 2 9 ~  lo3 g/m3 was input for the air density (Mohanty et al., 2000). 
Due to the arid climate of the site, plume depletion by dry deposition was selected. A downwind distance 
of 5,000 m was chosen for the 5-km off-site dose calculations. It was conservatively assumed that the critical 
group was located directly downwind of the ruptured WP, and therefore, no crosswind distances were input. 

Because the preliminary consequence analysis does not model the WHB or emissions from a stack, 
no plume rise was selected for this calculation. In addition, the inclusion of plume rise requires data on the 
stack that was not available at this time (i.e., internal stack diameter and speed of efflux gases emitted from 
the stack or gas heat emission rate from the stack). 

8.3.2 Inhalation Dose Calculation 

The input parameters for the inhalation dose calculation are presented in table 8-4. The 50-yr 
committed effective dose equivalent (CEDE) is calculated for radiological consequence from the inhalation 
pathway. The inhalation CEDE represents the total dose received over a 50-yr time period from the 
radionuclides inhaled, as a result of the WP rupture event, and retained within the body. Although the 
inhalation CEDE is defined over 50 yr, it represents an event dose. Inherent assumptions of the inhalation 
dose calculation are that the receptor is located at the 5-km off-site location as the radionuclide plume passes 
and the outdoor radionuclide concentration is used (i.e., no protection is given for the receptor spending time 
indoors as the plume passes). The default RSAC dose calculation for inhalation is based on the International 
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Table 8-3. Meteorological data input 

Input 
Value Input Parameter Remarks 

HAverage wind velocity (ds) 1 See Regulatory Guide 1.98 

1 Stack release height (m) I 1  Simulates container on the ground 

Mixing depth (m) I 400 Radiological safety analysis computer progrm 
default value 

[Air density (g/m3) I 1.29 x 103 Site-specific mean value (Mohanty et al., 2000 

11 Washout factor ( U s )  I o  RSAC default value 

Wet deposition scavenging coefficient 
I ( l / s )  

0 No plume depletion by wet deposition 

11 Plume depletion by dry deposition -1- 1 Yes 

11 Deposition velocities to be entered I Yes 

11 Deposition velocity for solids (ds) I 0.001 RSAC default value 

(IDeposition velocity for halogens (ds) I 0.01 RSAC default value 
~ ~~ -~ -~ 

IlDeposition velocity for noble gases ( m / s T [  0 
~ 

RSAC default value 

IDeposition velocity for cesium ( d s )  I 0.001 RSAC default value 

IIDeposition velocity for ruthenium ( d s )  I 0.001 RSAC default value 

Downwind distance (m) R 5000 Site-specific approximation (U.S. Department 0: 
Energy, 1998c) 

IlLinear constant in decay function (Us)  I 1 RSAC default value for instantaneous release 
~- 

RSAC default value for instantaneous release Exponential constant in decay function 
p(l/S) 

11 Crosswind distances to be entered I No Assuming critical group is directly downwind 

11 Diffusion definition 1 2  Program calculates standard deviations 
~~ 

IIType of sigma (standard deviation) set -1 1 
- - ~~ 

Hilsmeier-Gifford 

11 Weather class I F  See Regulatory Guide 1.98 

11 Plume rise indicator I o  No plume rise 
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Table 8-4. Inhalation dose input 

Input 
Input Parameter I Value 

Type of dose calculation 0 

Output control for dose I -2 

Dose unit I ]  
Elements for calculation I o  

For inhalation, breathing rate (m3/s) I 2*66x lo' 
Decay time for exponential decay function (s) 0 

57 

Remarks 

International Commission on 
Radiological Protection-30 Inhalation, 
program default parameters 

~~ 

Only dose summaries 

Output in rem 

All elements 

All organs 

Radiological safety analysis computer 
program 24-hr average default 

Radiological safety analysis computer 
program default value for instantaneous 
release 

Commission on Radiological Protection (ICRP) Publication 30 (International Commission on Radiological 
Protection, 1979) and was selected to calculate the inhalation dose equivalents in units of rem for all 
elements and all organs. A 24-hr average breathing rate of 2.66 x 10" m3/s was used in the calculation 
(Wenzel, 1994). 

8.3.3 Ground Surface Dose Calculation 

Calculations of the external dose from exposure to the ground surface were also performed. 
Table 8-5 presents the input parameters for the ground surface dose calculation. The dose equivalents from 
exposure to the contaminated ground surface were calculated in units of rem for all elements and all organs. 
The ground surface dose calculation is based on a 1-yr exposure time. Without an established evacuation 
plan, an exposure time of 1-yr was used because it is considered to be a sufficiently long period of time 
before remediation activities are completed at the 5-km off-site distance. Therefore, the 1-yr ground surface 
dose can be considered an event dose for those residential receptors who do not relocate. An inherent 
assumption for the ground surface dose calculation is that the receptor lives and works in the off-site area 
at a distance of 5 km from the WHB. To account for the receptor spending time indoors, the RSAC default 
value of 0.7 was used for the building shielding factor. 

It should be noted that for the ground surface pathway, the RSAC did not contain dose rate 
conversion factors for 3H and I4C, and therefore, external doses from this pathway were not calculated for 
3H and 14C. Because 3H is a pure emitter of low energy beta particles, the 3H dose rate conversion factor is 
zero for ground surface exposure (U.S. Environmental Protection Agency, 1993). 14C is also a pure beta 
emitter. 14C emits beta particles at higher energy than 3H, however, and, therefore, is assigned larger, nonzero 
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Table 8-5. Ground surface dose input 

Remarks 

lloutput control for dose I -2 IOnly dose summaries 

Dose unit 1 Output in rem 

Elements for calculation 0 All elements 

11 Organ choice I 1 l~ l lorgans  
1 Decay time for exponential calculations I 0 I Radiological safety analysis computer 

program default value for instantaneous I release 

UTB-Ground surface exposure time (yr) I 1 I Dose is calculated for lyr after the event 

Building shielding factor (dimensionless) 

dose coefficients for ground surface exposure. To qualitatively assess the impact of 14C on the ground 
surface results, a comparison was made with 137Cs. The inventory of 137Cs is more than five orders of 
magnitude greater than for 14C (see table 8-1), and the dose rate conversion factors for ground surface 
exposure are larger for 137Cs than for 14C (U.S. Environmental Protection Agency, 1993). The RSACdefault 
deposition velocities are the same for 13’Cs and 14C. The half-lives are significantly different for 14C and 137Cs, 
but the longer half-life of 14C over 137Cs will not manifest in significantly smaller decay of 14C over the short 
1 -yr occupation time for ground surface exposure. Therefore, the missing ground surface dose rate 
conversion factors for 3H and 14C are expected to have a negligible effect on the dose results. 

8.3.4 Submersion Dose Calculation 

Submersion refers to the external dose resulting from exposure to the passing airborne radionuclide 
plume. The input parameters for the submersion dose calculation are displayed in table 8-6. Based on a finite 
plume model (Slade, 1968), the RSAC cloud dose calculation was selected to compute the effective dose 
equivalent (EDE) from submersion. The submersion dose represents an event dose. Inherent assumptions of 
the submersion dose calculation are that the receptor is located at the 5-km off-site location as the 
radionuclide plume passes (i.e., no protection is given for the receptor spending time indoors as the plume 
passes). 

8.4 RESULTS AND DISCUSSION 

In the following two subsections, the results of the example dose calculations are presented without 
and with HEPA filtration. The doses were calculated for the two source terms (radionuclides released from 
the fuel inventory and 6oCo CRUD) via the three dose pathways. The doses from the fuel inventory and 6oCo 
CRUD sources were summed to yield the total dose equivalent per event. The total effective dose equivalent 
(TEDE) represents the summation of the internal and external dose equivalents over all pathways. For both 
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Table 8-6. Submersion dose input 

Input Parameter 

Gamma cloud model selection 

Decay time for exponential decay function (s) 

Type of dose calculation 

Value Input I Remarks I 
0 I All calculations are made using a finite model1 

0 Radiological safety analysis computer 
program default value for instantaneous 
release 

2 I Calculate external effective dose equivalent I 
cases without and with HEPA filtration, it is important to recall that this example consequence analysis does 
not account for any radionuclide retention by the WHB. The current PCSA consequence analysis models the 
WP rupture in the open desert. Future versions of the PCSA tool will address the retention of radionuclides 
released from the WP by the WHB. Therefore, these results should be considered as preliminary. 

8.4.1 Consequence without High-Efficiency Particulate Air Filtration 

Table 8-7 displays the results of the dose calculations without HEPA filtration for the rupture of 
PWR-21 WP. In this example, the TEDE at 5 km was determined to be 1.9 rem without HEPA filtration. 

Overall, most of the total dose was accounted for by the inhalation and ground surface pathways. The 
external dose from submersion was found to be negligible in comparison to the doses from the other 
pathways. 

8.4.2 Consequence with High-Efficiency Particulate Air Filtration 

A separate calculation of the radiation dose to a member of the public at 5 km was calculated for the 
rupture of a PWR-2 1 WP inside the WHB with an operational HEPA filtration system. The efficiency of the 
HEPA filters was assumed to be 99.97 percent for particulates (Oak Ridge National Laboratory, 1976), which 
led to the multiplication of the released radionuclide activities for particulates by a factor of 3 x to 
account for the HEPA filters. The aforementioned HEPA efficiency does not apply for noble gases, tritium, 
and iodine. Therefore, no reduction in the released activities was assumed for noble gases, tritium, and iodine 
due to HEPA filtration. As in the calculation without HEPA filtration in section 8.4.1, no additional retention 
of the radionuclides by the building was assumed. With the exception of the modifications to the released 
activities, the dose calculation with HEPA filtration was the same as the calculation without HEPA filtration. 
Table 8-8 displays the results of the example dose calculations with HEPA filtration for the rupture of 
PWR-21 WP. The TEDE at 5 km was determined to be 2.9 rem with HEPA filtration. 

It should be noted that a release height of 1 m was used in both calculations. While the actual release 
height from the ventilation system of the WHB, based on the final design, is unknown, it is expected to be 
greater than 1 m. Preliminary assessments for the case without HEPA filtration, however, indicate that the 
calculated doses are not extremely sensitive to the release height. The pathway doses for release heights of 
10 and 20 m were found to be within 10 percent of their values for the 1-m release height, with an exception 
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Ground Surface 

Submersion 
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Table 8-7. Results of the dose calculations without high-efficiency particulate air filtration 

3.5 x 10-5 2.6 x 10-4 2.9 x 1 0 - 4  

1.2 x 10-4 1.8 x 10-7 1.2 x 1 0 - 4  

Ground Surface I 4.2 x I 8.5 x lo-' I 8.9 x lo-' I 
Submersion 1.5 x 1 0 - ~  6.2 x 10-4 7.7 x 10-4 

Total 8.2 x lo-' 1.1 x loo 1.9 x loo 

Table 8-8. Results of the dose calculations with high-efficiency particulate air filtration 

I Total I 2.5 x 10-3 I 3.3 x 10-4 I 2.9 x 10-3 I 
for the submersion pathway (of less significance to the total dose) where differences up to 13 percent were 
identified. 

8.5 IMPLEIMENTATION OF THE PRELIMINARY CONSEQUENCE 
ANALYSIS FOR A SAMPLE SCENARIO 

This section illustrates a sample scenario of how the consequence analysis of the PCSA tool can be 
used to identify vulnerabilities in the DOE LA for the receipt and disposal of SNF at YM. The preliminary 
results of the consequence calculations presented in tables 8-7 and 8-8 were compared with the DOE Best 
Estimates in table E4 of attachment IX to the Preliminary Preclosure Design Basis Event Calculations for 
the Monitored Geologic Repository (U.S. Department of Energy, 1998~). DOE calculated the off-site dose 
at 5 km based on an event that involved the breach of 8 PWR fuel assemblies. To allow for a comparison 
with RSAC consequence calculations, the DOE dose results were scaled up compared to the breach of 
PWR-2 1 fuel assemblies. 

The characteristics of the PWR fuel used in DOE calculations were the same as those listed in 
table 8-1, except that DOE used a 20-yr decay time to determine the radionuclide inventories. Another 
notable difference was that DOE assumed a 10 percent fuel rod failure for their best estimate calculation 
(note, a 100 percent fuel rod failure was assumed for the DOE conservative calculations; however results of 
their complete consequence analysis were not available for the conservative calculation). The effect of the 
DOE assumption that only 10 percent of the fuel rods fail tended to be offset by the DOE differing approach 
for calculating the radionuclide release fractions for particulates. The DOE best estimate calculation also 
included mitigation factors for HEPA filtration, and therefore, those results were used in the comparisons 
to table 8-8. The DOE best estimate calculation involving 8 PWR fuel assemblies with HEPA filtration 
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yielded an inhalation CEDE of 7.18 x rem and a submersion EDE of 2.28 x loW6 rem. By scaling up the 
event to include PWR-2 1 fuel assemblies, the inhalation CEDE becomes 1.89 x rem, and the submersion 
EDE becomes 5.98 x rem with HEPA filtration. To infer the doses without HEPA filtration for 
comparison with table 8-7, the DOE results were recalculated by removing the HEPA mitigation factors, 
which resulted in an inhalation CEDE of 5.3 x lo-' rem and a submersion EDE of 6.0 x rem for an event 
including PWR-21 fuel assemblies. Note, the DOE submersion dose was unaffected by the removal of the 
HEPA mitigation factors because the DOE best estimate submersion calculation only considered 3H and *'Kr, 
radionuclides that were unmitigated by the HEPA filtration. 

For the case without HEPA filtration, figure 8-1 plots the results from the PCSA consequence 
calculation (see table 8-7) with the DOE recalculated doses. Although both of the submersion doses were 
negligible compared to the other pathways, it is readily apparent from figure 8-1 that 

e DOE did not calculate doses for the pathways of ingestion and ground surface exposure 

e DOE total dose for the event is smaller by a factor of 3.6 than the total dose from the RSAC 
calculation summed over all three pathways 

Figure 8-1 shows that omission of the ground surface pathway would result in significant under 
estimations of the offsite dose received before remediation activities are completed. 

For the case with HEPA filtration, figure 8-2 plots the results from the preliminary example PCSA 
consequence calculation (in table 8-8) with the DOE best estimate doses. Figure 8-2 reveals that the 
inhalation pathway accounts for most of the total dose with HEPA filtration. While the doses from the 
particulates are mitigated by the HEPA filtration, the inhalation dose is dominated by the full transmission 
of I2'I and 3H through the HEPA filters. For the case with HEPA filtration, the DOE total dose is about 15 
times smaller than the PCSA preliminary results. It is important to note for the example PCSA consequence 
results that although the TEDE with HEPA filtration is roughly 670 times less than the case without HEPA 
filtration, the discrepancies in the smaller TEDE with HEPA filtration are expected to be more significant 
with regard to risk because of the high availability of the HEPA filtration systems. The W A C  
unavailabilities were calculated to be 4.8 x yr-' 
for the primary confinement areas with a standby ventilation exhaust system (U.S. Department of Energy, 
1998~). In the broader scope of the risk-informed safety analysis, realizations similar to those just described 
by the preliminary PCSA consequence analysis have the potential to affect the safety classifications (QL-1, 
QL-2, etc.) assigned to individual SSCs. Because of the preliminary nature of the PCSA tool and the DOE 
design and analyses, however, these findings are not final but are presented to demonstrate an example of 
how the PCSA tool could be used in the review of a LA. 

yr-' for the secondary confinement areas and 2.5 x 

8.6 PRECLOSURE DOSE LIMITS 

In general, as a licensed facility, the repository at YM would be subject to the radiation regulations 
of 10 CFR Part 20. The applicable dose limits for preclosure operations at the geologic repository are 
specified in the draft 10 CFR 63.11 l(a) and (b). Category 1 DBEs are defined as those events that occur 
regularly or moderately frequently with an expected occurrence of one or more events within the 100-yr 
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preclosure period. Paragraph 63.1 1 l(a) of the draft 10 CFR Part 63 stipulates that the annual TEDE to any 
real member of the public located beyond the site boundary shall not exceed 25 mrem for Category 1 DBE 
during normal operations. Category 2 DBEs are defined as those unlikely, but credible and potentially 
significant, events with an annual probability of occurrence of lo? After an event is classified as a Category 
2 design basis event from an annual probability of occurrence between lo-* and the draft 10 CFR Part 
63 imposes a consequence limit in terms of radiological dose equivalents but does not mandate calculations 
of risk (i.e., the product of consequence and frequency of occurrence). Paragraph 63.11 l(b) of the draft 10 
CFR Part 63 stipulates that no individual located on or beyond the site boundary will receive the more 
limiting of a 5 rem TEDE or 50 rem to any individual organ, including the skin but with the exception of a 
15-rem dose to the lens of an eye, for Category 2 design basis events until permanent closure has been 
completed. While the PCSA consequence analysis currently focuses on the effective dose equivalents, dose 
equivalents to individual organs will be accounted for by further developments of the PCSA tool. 

Because of the events that result in a release of radioactivity are expected to be Category 2 DBE, the 
preliminary consequence analysis presented event doses to a resident receptor that lives and works at an 
off-site distance of 5 km. However, the current version of PCSA tool does not couple event frequencies from 
the hazard analysis with the dose results from the consequence analysis. Future versions of the PCSA tool 
will couple the hazard and consequence analyses into a complete safety analysis. At that time, it would be 
possible that the scenario involving the rupture of a WP and an unavailable HEPA filtration system could 
be assigned an event frequency less than yr-' and, therefore, classified as beyond design basis. In 
addition to the results of the hazard and consequence analyses, the event classifications and their 
corresponding regulatory limits from draft 10 CFR Part 63 will be included into the development of the 
PCSA tool. 
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9 FUTURE WORK 

The PCSA tool development activity was initiated at the end of the first quarter of fiscal year 2000. This 
progress report documents the work performed in FY2000. During this period, the main activity was to 
formulate a preliminary methodology and develop a preliminary software package to conduct PCSA. This 
chapter outlines the work to be accomplished in FY2001. The future work will focus mainly on 
(i) incorporation of elements of PCSA that have not been addressed in FY2000 and (ii) modification of the 
tool to make it more efficient and user friendly. 

9.1 PRECLOSURE SAFETY ANALYSIS TOOL CODE STRUCTURE 

In the current stage of development, the tool uses MSWord, MSExcel, and MSAccess from 
MSOffice suite. The GUI developed in Visual Basic 6 spawns the MSOffice application software to perform 
the specific tasks described in chapter 3.There are several disadvantages to this process: (i) the user will 
require MSOffice 97 loaded on the hard drive, (ii) the MSOffice applications cannot be controlled (save data 
or exit) by the GUI after it is launched, and (iii) the window behavior of the MSOffice applications cannot 
be controlled because they are independent applications. 

In the next phase of the development, the hazard analysis and the failure rate database will be 
consolidated into two MSAccess databases, as shown in figure 9.1, instead of a combination of MSWord 
documents, MSExcel spreadsheets, and MSAccess forms in the present scheme. The tool will require only 
MSAccess to design the databases and MSVisual Basic 6 (VB6) to develop the program. The tool will not 
need MSAccess and VB6 to be stored in the hard drive, however, SAPHIRE and RSAC will need to be 
loaded. The tool will be designed to better control data handling. This will improve the efficiency and the 
user friendliness of the current tool. In addition, the new features of PCSA discussed in the following 
sections will be included. 

9.2 PROBABILITY DATA AND FAILURE RATE DATABASE 

Development of a failure rate database will continue for human-induced internal events. As more 
reports and design details become available, additional equipment, controls, and instruments to be used in 
the surface and subsurface operations will be identified and incorporated into the database. Failure rate data 
will be further explored, and the database under development will be expanded. If found to be necessary, the 
PCSA tool will also be expanded to include the capability of performing independent statistical analysis; 
such as uncertainty and sensitivity analysis, on raw data to record the uncertainty introduced because the 
variations between the best distributions used and the actual data. 

9.3 HUMAN-INDUCED HAZARDS 

The hazard analysis for identification of human-induced internal hazards will concentrate on what-if 
and human-reliability analyses. The general methodology of the What-if analysis discussed in section 6.3.1 
will be included in the tool. The human reliability analysis will be reviewed, and human error probability will 
be added to the failure rate database. 

The internal fire hazard for the surface and subsurface facilities requires special attention. Methods 
of performing fire analysis will rely on the Internal Fire probabilistic risk analysis for nuclear power plants. 
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The procedures and guidelines for Fire PRA provided in NUREG/CR-2300 (U.S. Nuclear Regulatory 
Commission, 1983) and other documents will be reviewed. A strategy will be developed to review the fire 
analysis to be conducted by the DOE in their PCSA. The DOE evaluation of external events such as military 
aircraft crash, missile strike, and range fire will be reviewed in detail. 

9.4 IDENTIFICATION OF INITIATING EVENTS, EVENT SEQUENCES, AND 
EVENT SCENARIOS 

The tool will be applied to other functional areas to identify initiating event sequences and develop 
event scenarios. More examples of event trees and fault trees will be analyzed to attain staff proficiency in 
using SAPHIRE software. Emphasis will be given to development of criteria for identifying the SSCs 
important to safety and their incorporation into the PCSA tool. 

9.5 CONSEQUENCE ANALYSIS 

Consequence analyses will be focused in the following areas: (i) calculation of worker doses, 
(ii) further investigation into the radionuclide release fractions and justification for the values chosen, 
(iii) estimation of the building retention (Le., the fraction of radionuclides released from the waste container 
that migrate out of the building and contribute to the effluent stream), and (iv) consideration of MELCOR 
Accident Consequence Code System (MACCS2) documented in NUREG/CR-6613 (U.S. Nuclear 
Regulatory Commission, 1998a) and NUREGKR-469 1 (U.S. Nuclear Regulatory Commission, 1990) or 
other consequence codes for comparison with the RSAC results. 
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PRECLOSURE SAFETY ANALYSIS PROBABILITY DATA TAXONOMY 

The taxonomy, or system of classification (ordering) used for the database, has been modeled after the 
taxonomy scheme used by the Center for Chemical Process Safety of the American Institute of Chemical 
Engineers (1989) for their Process Equipment Reliability Data. The taxonomy levels for the Equipment and 
Systems Failure Rate Database are graphically presented in this appendix. They are also tabulated in the text 
in table 5-2. 
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CRANE FAILURE DATA 

The failure rate data for cranes is presented in this appendix as an example of the type of data available 
in the database. 
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FAILURE RATE DATABASE REFERENCES LIST 

The sources are divided into primary and secondary references. References from which data have been 
extracted for inclusion into the database are termed primary references. In most cases, each primary reference 
document has obtained its data inputs from several other references (secondary references). Letters denote 
primary references, while numbers have been used to represent secondary references. The list of references 
used in the database currently contains 21 primary references (denoted by alphabetical letters A through U) 
and 74 secondary references (listed by numbers), for a total of 95 documents. The references, as they appear 
in this appendix, correspond with information in the PCSA tool. Some documents may be listed as both 
primary and secondary references if they were utilized as a primary reference and were also listed as a 
secondary reference in another primary document. It should also be noted that gaps in the numbering system 
of the secondary references do not imply missing information. Rather, the database was organized in such 
a way that these gaps were a byproduct of its structure. The number assigned to each reference has no 
meaning other than as a simple tag to identify it. 

D- 1 



W
 

W
 

4
 

P
 

X 
c
,
 

cn 
.
r
l
 

cn 
m

 

4 3
 

0
 

.
r
l
 

6
 

*
 0 

D
-2 



3
 

8 2 8 z bc) 
E

 
.
d

 

.
r
(
 

cn 

i n 3
 

2
 8 2 8
 8 Y
 

cd 

Y
 

a
 0 

.
d

 

3
 

0
 

3
 

Q
) 

Y
 

n
 

* i
a
"
 

E 

D
-3 



r
 

W
 

D
-4 





\o
 
2
 



3 N 
-4

 

D
-7 


	FIGURES
	TABLES
	ACRONYMS
	EXECUTIVESUMMARY
	1 INTRODUCTION
	1.1 BACKGROUND
	OBJECTIVE AND SCOPE
	ANDOPERATIONS
	YUCCA MOUNTAIN SITE DESCRIPTION
	2.2 SURFACEFACILITIES
	2.3 SUBSURFACE FACILITIES
	2.4 REPOSITORY CONSTRUCTION AND OPERATIONS


	DESCRIPTION OF PRECLOSURE SAFETY ANALYSIS
	PRECLOSURE SAFETY ANALYSIS METHODOLOGY
	PRECLOSURE SAFETY ANALYSIS TOOL
	NATURALLY OCCURRING HAZARDS
	3.4 HUMAN-INDUCED HAZARDS
	Human-Induced Internal Hazards
	3.4.1.1 Human Reliability
	3.4.1.2 Software Reliability

	3.4.2 Human-Induced External Hazards


	4.1 COMPUTATIONAL APPROACH
	4.2 DATA FLOW AND USER INTERFACE
	5.1 NATURALHAZARDS
	5.2 HUMAN-INDUCED HAZARDS
	Human-Induced Internal Hazards
	5.2.2 Human-Induced External Hazards


	IDENTIFICATION OF HUMAN-INDUCED INTERNAL HAZARDS
	6.1 EVENTS INTERNAL TO SURFACE FACILITIES
	6.1.1 Description of Surface Facilities
	Description of Surface Systems and Sequence of Operations Involved
	6.1.3 Operations Hazards

	6.2 EVENTS INTERNAL TO SUBSURFACE FACILITIES
	Description of Subsurface Facilities
	6.2.2 Description of Subsurface Systems
	Sequence of Operation for Subsurface Operations
	6.2.4 Operations Hazards

	6.3 HAZARDANALYSIS
	6.3.1 What-If Analysis
	6.3.2 Failure Mode and Effects Analysis

	SCENARIOS
	7.1 EVENTTREEANALYSIS
	FAULT TREE ANALYSIS
	ANALYSIS IN THE PRECLOSURE SAFETY ANALYSIS TOOL
	SAFETY ANALYSIS TOOL
	FREQUENCY


	CONSEQUENCE ANALYSIS
	8.1 APPROACH
	8.2 SOURCE TERM
	Radionuclides in the Spent Fuel
	CRUD on the Fuel Cladding

	8.3 INPUT PARAMETERS AND ASSUMPTIONS
	8.3.1 Meteorological Data
	Inhalation Dose Calculation
	8.3.3 Ground Surface Dose Calculation
	Submersion Dose Calculation

	8.4 RESULTS AND DISCUSSION
	Consequence without High-Efficiency Particulate Air Filtration
	Consequence with High-Efficiency Particulate Air Filtration

	ANALYSIS FOR A SAMPLE SCENARIO
	8.6 PRECLOSURE DOSE LIMITS

	FUTUREWORK
	PRECLOSURE SAFETY ANALYSIS TOOL CODE STRUCTURE
	9.2 PROBABILITY DATA AND FAILURE RATE DATABASE
	9.3 HUMAN-INDUCED HAZARDS

	A generic list of natural hazards
	A generic list of human-induced external events
	Current taxonomy of failure-rate data
	Operations hazards for surface facility U.S. Department of Energy
	Operations hazards for subsurface facility U.S. Department of Energy
	Example of system description input form
	Example of What-If Analysis
	Example of failure modes and effects analysis
	Example of event analysis report
	Example of preclosure safety analysis event scenario report
	Fuel characteristics
	Radionuclide inventories and released activities
	Meteorological data input
	Inhalation dose input
	Ground surface dose input
	Submersion dose input
	Results of the dose calculations without highefficiency particulate air filtration
	Results of the dose calculations with highefficiency particulate filtration
	"Nb 1.25 x 10' 2.0 x lo+

	Ru 5.74 x lo210-5
	Rh 5.74 x lo2x
	Rhx

	"@'"Ag10-3

	II
	8.40 lo-'
	9.38 x lo-'
	126msb
	9.38 x lo-'
	3.540 x lo2x


	5.50 lo-'
	II lUmPr
	II 147Pm
	"'Eu103
	2.0 x lo+
	234u
	235u
	237u 2.33 x loo




