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1.0  INTRODUCTION

The Nuclear Waste Policy Act of 1982 (NWPA), assigns the responsibility
for the development of repositories for the disposal of high-level nuclear
waste and spent nuclear fuel to the U.S. Department of Energy. In order to
determine the requirements for the repositories, and the remainder of the
federal waste management system, it is necessary to adequately characterize
all of the wastes that may require repository disposal. One category of wastes
not necessarily classified as high-level waste, but that DOE has responsibility
for, is referred to generally as non-fuel wastes., The DOE Office of Civilian
Radioactive Waste Management (OCRWM), through the Richland Operations Office,
commissioned the Pacific Northwest Laboratory (PNL) to identify and characterize
the non-fuel waste that may require handling and disposal by the federal waste
management system.

Recent passage of the Low-Level Waste Policy Act Amendments of 1985 (LLWPA)
has added Federal Government responsibility for

"any other Tow-level radicactive waste with concentrations of

radionuclides that exceed the limits established by the Commission
for Class C radioactive waste as defined by section 61.55 of title
10, Code of Federal Regulations, as in effect on January 26, 1983."

10 CFR 61 is the regulation which covers the near-surface disposal of
low-level radioactive waste. Within that regulation, there are several
classifications of waste, Class A, B, and C, with Class C being the most
restrictive category {see Appendix A for classifications). Waste in excess
of the Class C limits according to 10 CFR 61 "is not generally acceptable for
near-surface disposal.” 10 CFR 61.55(a}(2)(iv) states that

"Waste that is not generally acceptable for near-surface disposal

is waste for which waste form and disposal methods must be different,
and in general more stringent, than those specified for Class C
waste. In the absence of specific requirements in this part,
proposals for disposal of this waste may be submitted to the
Commission for approval, pursuant to Section 61.58 of this part."

Section 61.58 states that

“"The Commission may, upon request or on its own initiative, authorize
other provisions for the classification and characteristics of waste
on a specific basis, if...it finds reasonable assurance of compliance
with the performance objectives....”
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Section 61.7(b){5) states in part that

*...Waste with concentrations above these [Class C] 1imits is
generally unacceptable for near-surface disposal. There may be
some instances where waste with greater than Class C would be
acceptable for near-surface disposal with special processing or
design. These will be evaluated on a case-by-case basis...."

To date there have been few exceptions granted. The geologic repositories
are one potential disposal possibility for these wastes. However, this is
not, at present, required so other disposal options are at least a possibility.

The LLWPA provides a requirement, as follows, for a licensed facility
but does not define what facility type is needed.

"All radioactive waste designated a Federal responsibility ... that
results from activities licensed by the Nuclear Regulatory Commission
under the Atomic Energy Act of 1954, as amended, shall be disposed

of in a facility licensed by the Nuclear Regulatory Commission that
the Commission determines is adeguate to protect the public health
and safety.”

Many (but not all) of the non-fuel wastes that are described in this report
will exceed Class C waste limits. Some, but not likely all, of these may
ultimateiy be classed as high level waste. The ramifications of this will
not be ¢lear until the NRC promulgates regulations covering the greater-than
Class C wastes. The NRC is presentiy considering promulgation of a new
requlation defining high-level wastes that should c¢larify the situation for
some of the greater-than Class C wastes. For the present there remains a
region of uncertainty in the Taws and requlations that govern disposal of
wastes that contain too much radicactivity to qualify for near-surface disposal
as 10 CFR 61 Class C wastes, yet are not "high-level wastes" in the sense in
which that term is usually applied.

There are two categories of non-fuel waste evaluated in this report. The
first is spent fuel assembly hardware, which is that portion of a fuel assembly
remaining after the fuel pins have been removed during spent-fuel ccnsclidaticn,
This is referred to here as the spent-fuel disassembly (SFD) hardware. If
fuel consolidation occurs, as assumed in the current OCRWM Mission Plan, then
this hardware will become a separate waste stream which will require disposal.
If fuel consolidation does not occur, this hardware will remain a part of the
fuel assemblies and must still be characterized in order to properly account
for it in the performance assessment of the repositories. Characterization
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will be necessary for any radionuclides deposited in the repository as the
performance criteria imposed on the repository is applied to the whole
repository inventory, and not just the spent fuel inventory. Much of these
SFD wastes will exceed the 10 CFR 61 Class C waste Timits for contained
radicactivity.

The second category of non-fuel waste considered here is the other non-
fuel-~bearing (NFB) components which the DOE has contracted to accept from the
nuctear utilities under Appendix E of the standard utility contract (10 CFR
961). They are defined in the contract as follows:

"Non-fuel components including, but not limited to, control spiders,
burnable poison rod assemblies, control rod elements, thimble plugs,
fission chambers, and primary and secondary neutron sources, that are
contained within the fuel assembly, or BWR channels that are an
integral part of the fuel assembly, which do not require special
handling, may be included as part of the spent nuclear fuel delivered
for disposal pursuant to this contract.”

[t is apparent that there are a variety of components that fall under this
category. The implications of the "special hand!ling“ reservaticn are not yet
clear. Much of these wastes will also exceed the 10 CFR 61 Class C limits,
There are additional components such as BWR cruciform blades and local
power-range monitors which could not as easily be packaged for shipment with
the fuel assemblies but which may exceed the 10 CFR 61 Class C Timits and

will thus be a Federal Government responsibility. They are not included in

the final quantities estimated here. However, these items, on an annual basis,
would add only a very small increment to the waste quantities.

Other non-fuel wastes, in addition to the two discussed above, that may
require repository disposal are the transuranic (TRU) wastes. These are above-
Class-C wastes as defined by 10 CFR 61. They contain more than 100 nanocuries
of alpha emitting transuranic isotopes, with half-lives greater than five
years, per gram of waste. This type of waste (customarily referred to as TRU
waste) is generated in a variety of commercial activities. These include
manufacture of well-logging devices, manufacture of smoke detectors, and other
radioisotope appiications. Research applications employing sealed sources
and radioisotopes in small quantities are another source. Nuclear power plants
also may generate small quantities of TRU waste from time to time. These
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wastes are addressed in a companion report (Daling, et al. 1986). A final
category of non-fuel wastes that may require repository disposal includes
limited gquantities of other waste that can be classed as above-Class C wastes.

This report describes and characterizes spent fuel disassembly hardware
and non-fuel bearing components. Section 3 provides descriptive information
of the wastes by reactor type. Section 4 goes on to provide detailed
metallurgical data of the constituent metals that are used in the SFD hardware
and NFB components. Also provided are decay heat and radionuclide
characteristics of the waste. Section 5 discusses regulatory constraints for
various disposal options, and an economic analysis of various options. Details
of projected waste quantities, both cumulative and annual rates are also
presented. In Section 6, a set of "strawman" acceptance requirements are
offered.
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2.0 SUMMARY

There are two categories of waste considered in this report. The first
is the spent fuel disassembly (SFD) hardware. This consists of the hardware
remaining after the fuel pins have been removed from the fuel assembly. This
includes end fittings, spacer grids, water rods (BWR) or guide tubes (PWR) as
appropriate, and assorted springs, fasteners, etc. The second category is
other non-fuel-bearing {NFB) components the DOE has agreed to accept for dis-
posal, such as control rods, fuel channels, etc., under Appendix E of the
standard utility contract (10 CFR 961).

It is estimated that there will be approximately 150 kg of SFD and NFB
waste per average metric ton of uranium (MTU) of spent uranium. PWR fuel
accounts for approximately two-thirds of the average spent-fuel mass but only
50 kg of the SFD and NFB waste, with most of that being spent fuel disassembly
hardware. BWR fuel accounts for one-third of the average spent-fuel mass and
the remaining 100 kg of the waste. The relatively large contribution of waste
hardware in BWR fuel, will be non-fuel-bearing components, primarily consisting
of the fuel channels.

Using PNL's Spent Fuel Data Base and based on use of a 26-in OD x 13-ft
long canister, annual waste quantities were projected through the year 2025.
The number of canisters requiring disposal is a function of the waste treatment
and the fuel type and design being accepted for disposal. The annual quantities
vary with the amount of fuel being accepted as well as the type of fuel. For
the treatment assumed here and during the early years, when fuel is being
accepted at the rate of 400 MTU/year, the number of canisters generated is
approximately 70 per year. This increases to over 800 canisters per year if
two repositories are assumed to be accepting fuel at the combined rate of 6000
MTU/year. Most of this waste will be composed of various alloys of stainless
steel, Inconel, and Zircaloy. Some of it, though, will inciude small amounts
of neutron sources, absorber material, and other materials.

To assure that this waste will be acceptable for disposal in a repository,
a “strawman” set of acceptance requirements was developed. The repository
must establish waste acceptance requirements to ensure that the overall
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performance of the geologic isolation system (which includes the waste farm,
engineered barriers, and geologic media) is adequate to protect the health

and safety of the general public and waste handling personnel. The requirements
developed in this study apply specifically to the waste form and the primary
or innermost waste canister for acceptance at a repository. Depending on the
repository media, an additional overpack (container) and possibly some backfil’
material may be required at the repository to provide resistance to long-term
corrosion and/or lithostatic pressures. The proposed non-fuel-component waste
acceptance requirements are summarized in Figure 2.1. These requirements,

and suggested ways for waste producers to certify that their wastes meet these
requirements, are described in detail in Section 6.0.

The major implications of the proposed requirements are:
e Finely-divided powders and particulates must be immobilized in cement or

other suitable material.

o ATl waste containers must be fabricated of noncombustible materials to
prevent the waste packages from adding fuel to a potential fire,

¢ All waste packages to be delivered to the repository must receive a
radionuclide assay to estimate the radionuciide caontent, fissile material
content, and TRU isotope content.

e All waste packages must have their surface dose rate and surface
contamination levels measured.

e Waste containers must be capable of meeting the DOT Type A shipping
container requirements both at the time of production and after 110 years
in air storage.

e Waste containers must be color-coded to identify their surface dose rates.

e Waste form leach rates must be limited to one part in one thousand per
year.
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3.2.4 Exxon

Exxon makes reloads for both BWR and PWR reactors. Their assemblies are
nearly identical to the fuel they are replacing except for minor differences,
whether they be Westinghouse, Babcock & Wilcox, Combustion Engineering or
General Electric fuel assemblies as described in previous sections. The only
fuel type of note is the Allis-Chalmers 10x10 that Exxon has made in the past
for the LaCrosse plant. Details of this fuel type were not available.
Allis-Chalmers (AC) itself does not make fuel anymore, and Exxon appears to
be the only manufacturer providing reload fuel for the A-C reactor. Exxon
does not make other core components.

3.3 WASTE QUANTITIES

It is clear from the preceding descriptions of the various fuel assembly
designs that there could be considerable variability in spent fuel disassembly
hardware and non-fuel-assembly component quantities that may require disposal.
For this reason an attempt was made to define potential waste quantities
associated with each assembly type.

Tables 3.3 and 3.4 are tabulations, prepared earlier by Green (1980), of
fuel assembly dimensional data for a variety of fuel assembly types. It can
be seen that there are many missing items in the data. Many of the parameters
in this table are not necessary for estimating quantities of waste, but will
be of considerable importance in determining how the spent fuel is to be handled
and disassembled for consolidation. Even though this table provides a great
deal of information that describes many of the various fuel assemblies of
interest and materials of construction, it is incomplete for waste management
purposes in that it does not provide sufficient information to develop
quantitative estimates of fuel disassembly wastes. Using this table as a
starting point other resources were utilized to develop a more compiete
description.

The ORNL Integrated Data Base Program (IDB) initiated a program in FY-1985
to survey the fuel vendors to obtain detailed descriptive information on the
various fuel assembly types and models that have been produced. They provided
us with copies of all relevant information that they had collected but this
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still left some deficiencies in the data for our purposes. We supplemented
this data with direct contacts with some of the fuel vendors. The resulting
data are tabulated in Table 3.5,

Table 3.5 is a tabulation of material quantity and composition by fuei
vendor and fuel type. Material and weight data are shown for four categories
of assembly hardware, i.e., end fittings, quide tubes, spacer grids and
miscellaneous components including such items as springs, fasteners, etc., and
including components not specifically identified. As can be seen, there is
considerable variation of quantities of materials within each fuel type, i.e.,
BWR and PWR fuel types. It was originally anticipated that there would be
more uniformity within these fuel types. In part, some of this variation is
probably due to uncertainty in some of the source data. However, much of it
is also due to differences from reactor-to-reactor in their tailored fuel
designs. There are also missing items in this table., This reflects the
difficulty in obtaining this level of detail for all the various fuel designs
and the constraints on assembling this data due to proprietary information
concerns.

The data in Table 3.5 are summarized in Table 3.6. This table provides
a breakdown of the spent fuel disassembly hardware weights by metal alloy for
each fuel vendor in terms of a single mid-range vaiue (not a weighted average)
with a plus and minus range value to represent the potential variation in
weight due to the range of fuel designs available. As noted in the previous
table (Table 3.5), a complete component breakdown was not obtained for every
fuel design. For this reason engineering judgment was used in some cases to
assign an alloy type to some of the components to develop this summary.

Table 3.7 presents a summary compilation of estimated quantities of the
non-fuel-bearing components which may require disposal. We were unable at this
time to develop a more specific breakdown by fuel assembly type and material
due to a lack of data. Make up of these materials was discussed in the
preceding two sections where the various fuel assembly designs were discussed.
Most of this material is metallic hardware composed of various alloys of
stainless steel, Inconel, and Zircaloy. However, other components include such
items as neutron sources, fission chambers, and absorber materials (B4C,
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Ag-In-Cd, Hf04). These latter items may require special handling. The largest
quantities of these non-fuel-assembly components are associated with the flow
channels that are used with the General Electric¢ BWR fuel assemblies, In
general, there is a large degree of uncertainty in these estimates of NFB
components due to a lack of detailed design data describing the actual
components, as well as the uncertainty in their useful life.
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Table 3.5. Spent Fuel Disassembly Hardware Estimates (kg/assembly)
Fuel Vendor West West West Wast Wast West West West
Fuel Desfignation 14x14 std 14x14 ofa 15x15 std 15x15 ofa 16x16 std 17x17 std 17x17 ofa 17x17 long
End Fittings (a)
Material 55304 55304 55304 55304 55304 $5-304 55304 n/a'?
Keight (kg) 11.3 11.3 12.5 12.5 11.4 12.5 12.5 n/a
Guide Tubes
Material Zirc-4 Zirc-4 Zirc-4 Zirc-4 Zirc-4 Zirc-4 Zirc-4 n/a
Welght (kg) 1.6 7.5 9.7 9.4 7.8 9.4 9.4 n/a
Spacer Grids
Mater{ial Inc-718 Inc-718 Inc-718 Inc-718 Inc-718 Inc-718 Inc-718 n/a
Keight (kg) 4.6 1.2 5.2 1.5 5.4 5.9 1.5 n/a
Material A — Zirc-4 -— _— Zirc-4 n/a
Welght (kg) - 2.7 —— 2.9 ——— -— 3.5 n/a
Misc, {(Springs, etc.)
Material n/a n/a n/a n/a 55304 n/a n/a n/a
Weight (kgl 8.6 3.3 8.1 11.4 B.6 7.3 9.7 n/a
TOTAL {kg) 32.1 26.1 35,5 37.7 33.2 35.1 36.6
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Table 3.5. (Cont'd.)

Fuel Yendor C-E C~E C-E C-E C-E C-E
Fuel Designaticn 14x14(C) 14x14 15«15 16x16 16x16 16x16
End Fittings

Material 55-304 $5-304 55-304 55304 $5-304 55304

Weight (kg) 12.3 14.1 9.5 14.9 16.8 18.1
Gufde Tubes

Matarial Zirc-4 Zirc-4 Zirc-4 2irc-4 Zirc-4 Zirc—-4

Welght (kg) 11.6 9.3 21.2 10.3 11.3 11.3
Spacer Grids

Material Inc-718 Inc-718 Inc-718 Inc-718 Inc-718 Inc-718

Weight {(kg) n/a 1.2 n/a 1.2 1.2 1.5

Material Zirc-4 Zirc-4 Zirc-14 Zirc-4 Zirc-4 Zirc-4

Welght (kg) n/a 5.4 n/a 7.3 11.4 8.z
Misc. (Springs, etc.) :

Material Inc X-750 Inc X-750 Inc X-750 Inc X=750 Inc X-750 Inc X-750

Weight {(kg) 0.7 0.7 n/a 1.6 4.4 4.4
TOTAL (kg} 0.7 35.3 45.1 43.5
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Table 3.5. (Cont'd.}

Fusel VYendar Biw BiwW GE GE GE GE
Fuel Designation 15x1% 17x17 6x6 Ix? Bx8 9x9
End Fittings

Material 55304 $5304 n/a 55-304 55304 n/a

Weight (kg) 15.2 16.3 n/a 6.3 6.8-8.8 n/a
Guide Tubes (b)

Material Zirc-4 Zirc~-4 — —— Iirc-2 n/a

Welght (kg} 7.8 11.2 —== ——- 1.7-3.4 n/a
Spacer Grids (d) (@)

Material Inc Inc n/a n/a Inc X-750 n/a

Weight (kg) 9.1 10.0 n/a n/a 0.4 n/a

Material n/a n/a n/a 2irc-4 Zirc-4 n/a

Weight (kg} n/a n/a n/a 1.5 1.1 n/a
Misc. (Springs: etc.)

Material n/a n/a n/a Inc X-750 Inc X-750 n/a

Weight (kg) 2,0 3.4 n/a 0.2 0.7-1.1 n/a
TOTAL (kg) 34,1 40.9 8.0 11.5-15.6
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Table 3.5. ({Cont'd.)
Fuel Yendor Exxon Exxon Exxon Exxon Exxon Exxon Exxon Exxon
C-E c-€ West West GE GE GE actal

Fusl Designation 14x14 15x15 15x15 17x17 Ix7 8x8 9x9 1oxto‘e?
End Fittings

Matarial SS-304L 55-304L §S-304L §5-304 §5-304, CF-3 55304, CF-3  55-304, CF-3 n/a

Weight (kg) 15.2 15,2 15.2 16,2 5.4 5.6 5.8 n/a
Guida Tubes ()

Material Zirc-4 Zirc~4 Zirc-4 Zirc-4 —_— Zirc-4 — n'a

Weight (kg} 7.9 11.9 12.1 13,2 -— 1.7-3.4 ~— n/a
Spacer Grids

HMaterial Inc-718 Inc-718 Inc-718 Inc-718 n/a n/a n/a n/a

Welght (kg) 0.2 0.2 0.3 0.2 n/a n/a n/a n/a

Matarial Zirc4 Zirc-4 Zirc-4 Zirc-4 n/a n/a Zirc-4 n/a

Weight (kg}) 0.9 0.9 1.1 0.9 1.6 1.6 1.5 n/a
Misc, (Springs, etc.)

Material _— —— - - Inc Inc Inc n/a

Weight (kg} —_— - -— —_— 0.2 0.2 0.2 n/a
TOTAL (kg) 24.3 28.3 28.8 29.5 7.2 9.2-10.9 7.6

——————— e ——

{a) n/a fndicates no data avatlable
{(b) Water rods, 1-2 per assembly

{c} Ft. Calhoun, first generation fuel assomblies
(d) B&W current generation fuel assemblies utilize Zircaloy grids

(e} Allis-Chalmers

(f) --- indicated not applicable



[able 3.6. Summary of Estimated Quantity %E)(c)
Spent Fuel Disassembly Hardware

{kg per fuel assembly}

Fuel
__VYender  _83-304  _Inconel = _Zircaloy
Babcock & 18.0 + 1.5 9.5 + 0.5 9.5 + 1.5
Wilcox
Westinghouse 12,5 + 1 1.5 + 0.5 11.5 + 1.0
Combustion 15.5 + 1.5 3.5+ 2.0 18.5 + 4.0
Engineering
General 7.5 + 1.5 0.5 % 0.5 2.5+ 1.5
Electric
Exxon - BWR 5.5 + 0.5 <{0.5 2.5 + 1.0
Exxon - PWR 15.5 + 0.5 <0.5 11.5 + 2.5

(a) The weight values represent mid-range value with spread of all

models for each vendor where data is available.
(b} Material composition unknown.

(c) PwWR's contain approximately 0.46 MTIHM,
BWR's contain approximately 0.18 MTIHM,

Table 3.7. Estimated Quantity of Non-fuel-bearing Components

(kg per fuel assembly discharged)

Primary
Reactor Yendor =~ _Quantity = Materjals
General Electric 25 - 50 Kg Zircaloy
Westinghouse 1-2Kg Ss /7Y
Babcock & Wilcox 6 - 8 Xg S8/ IY
Combustion-Engineering 1-2Kg sS /¥

(a) PWR's contain approximately 0.46 MTIHM,
BWR's contain approximately 0.18 MTIHM.
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4.0  CHARACTERIZATION OF ACTIVATED COMPONENTS

This section describes the composition of the various alloys used in
spent fuel assemblies and NFA components. It then describes the results of
calculations carried out to characterize the radionuciide inventory, as a
result of activation, of SFD hardware, NFB components and the principal alloys
used. Also included are estimates of the decay heat resulting from these
radionuclides.

The calculations were done using the ORIGEN2 computer code as described
in ORNL/TM-6051., The code modeled the irradiation of SFD hardware and NFB
components for typical lifetimes at full power, For PWR SFD hardware,
calculations were made for 33,000 MWD/MTU burnup. For BWR SFD hardware, 28,000
MWD/MTU was assumed. Allowances were made to account for some parts of the
assemblies residing within the active core, and other parts residing outside
of it. The calculation results are summarized in this section, with more
detailed results regarding decay heat, radionuclide inventories, and photon
sources presented in the appendices.

4.1 METAL ALLQY COMPQSITIONS

The spent fuel disassembly hardware and the non-fuel-bearing components
are primarily comprised of alloys of three materials. They are stainless steel,
Zircaloy, and Inconel. 1In general the stainless steel is found outside the
active core region whereas the Zircaloy and Inconel is used within the active
core region. Recent design modifications have resulted in more Zircaloy in
the core region than Inconel.

The composition for the various alloys used in this study is given in
Table 4.1. Those values less than 1,000 ppm can be expected to have a wide
variance. For example, cobalt, an element of concern because of the high
energy gamma produced by its Co-60 activation product, has a value of 800 ppm
(0.08 w/0) in stainless steel, This is a value which is found in many
specifications for nuclear grade steel. It can be higher in a particular
heat {one batch from a furnace) and still be deemed acceptabie by the purchaser
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Table 4.1-

Assumed Elemental Compositions of LWR

Fuel-Assembly Structural Materials

. C . a
Structural material composition, grams per tonne of metal‘

)

Atomic
Element Number Zircaloy-2 Zircaloy-4 Inconel-718 Inconel X-750

H 1 13 13 0 0
B L=} 0.33 0.33 0 o
C & 120 120 400 400
N ? 60 80 1,300 1,300
0 B 8950 950 0 o
Al 13 24 24 6,000 8,000
Si 14 0 0 2,000 3,000
P 15 0 0 4] 0
5 16 35 35 70 70
Ti 22 20 20 8,000 24,900
v 23 20 20 0 0
Cr 24 1,000 1,250 130,000 150,000
Min 25 20 20 2,000 70,000
Fe 256 1,500 2,250 180,000 67,6800
Co 27 10 10 4,700 6,490
Ni 28 500 20 520,000 722,000
Cu 29 20 20 1,000 500
Zr(b) 40 980,000 980,000 0 0
Hb 41 120 120 55,500 9,000
Mo 42 0 0 30,000 0
Cd 48 0.25 0.25 0 1}
sn 50 16,000 16,000 o 0
HE 72 78 78 o 0
W 74 20 20 0 0
U 92 0.2 c.2 0 0
bensity, -- 6.56 6.56 B.19 8.30

grams/jocm
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Assumed Elemental Compositions of LWR Fuel-Assembly Structural Materials

Structural material composition, grams per tonne of metal

Atomic Stainless Steel Stainless Steel Nicrobraze
Element Number Haynes-25 Stellite-3 3oz 304 50

H 1 0 u] 0 0 0
B 5 0 0 0 0 50
C 6 1,500 27,000 1,500 800 100
N 7 0 0 1,300 1,300 66
o] 8 0 0 0 1] 43
Al 13 0 0 0 0 100
5i 14 10,000 10,000 10,000 10,000 511
P 15 300 0 450 450 103,244
5 16 300 4] 300 300 100
Ti 22 0 4] 0 0 100
v 23 0 4] 0 0 0
cr 24 210,000 330,000 180,000 190,000 149,709
Mn 25 20,000 10,000 20,000 20,000 100
Fe 26 30’000(d) 30,000(3) 697,740 688,440 471
Co 27 457,900 423,000 800 800 gl
Ni 28 110,000 30,000 89,200 89,200 744,438
Cu 29 0 0 0 0 0
Zr 490 0 0 0 0 100
Np ¢ P 41 1,000'%) 1,000'%? 100 100 0
Mo 42 0 0 0 0 0
Cd 48 0 0 0 0 0
5n 50 0 0 0 0 0
Hf 72 0 0 0 0 0
W 74 160,000 140,000 0 0 100
u 92 0 0 4] 4] 0
Densirty, 3 ~- 8.02 8.02

grams/cm

{a) All numbers rounded

{b} Also known as Columbium (Cb}

{c} Maxim

um limit

{dy Can be as high as 528,900
(&) Can be as high as 500,000



for a particular application. Nominal values will be in the 200-600 ppm range.
In general, a measured value is available,

Niobium, also known as columbium, on the other hand, is not well
identified. Purchase specifications for stainless steel and Zircaloy require
niobium to be 100-120 ppm max. The material certifications generally will
note that the Tevel is less than one-half the specification 1imit. Nominal
values though can run as low as the 20-30 ppm range, but this information is
difficult to verify. One manufacturer of Haynes-25 only checks to determine
that the niobium impurity is less than 500 ppm (with a manufacturing limit of
1000 ppm). This manufacturer believes, however, that the niobium is present,
perhaps in the hundreds of ppm level. It has not been a concern to them with
regard to material properties and therefore they do not go to the added expense
and trouble of determining its actual level. This is true of many of the trace
impurities listed in Table 4.1.

Manufacturing techniques, (i.e., type of furnace) can also impact the
levels of certain trace elements. WNitrogen, which has typical concentrations
of 300-400 ppm in $S-304, can be kept to less than 100 ppm if vacuum induction
melting is used. Even greater variation can occur depending on the use of
scrap metal as opposed to virgin metal.

The results presented herein are based on maximum 1imits for the trace
elements. As will be shown later, the presence of niobium at concentration
equivalent to the maximum allowable in components which will be in the active
region of the core, results in concentrations of Nb-94 well in excess of
10 CFR 61 limits. At that concentration, the niobium (natural niobium is all
Nb-93) can become sufficiently activated to exceed shallow land burial limits
for Nb-94. It is apparent from our investigation that niobium is present in
all of the fuel components, but the actual levels are not well defined.

Appendix B gives the curie inventories and decay heat results from ORIGEN-2
calculations for the various BWR and PWR spent fuel disassembly hardware and
non-fuel assembly components on a per metric ton of initial heavy metal basis.

4.4



The compositions and quantities of the waste were given in Section 3.0.
Appendix B also presents the decay heat as a function of time after irradiation
for a typical BWR and PWR assembly, their SFD hardware and a BWR cruciform.

It must be kept in mind, that not all fuel vendors make similar components

from the same materials and that weights presented here of components will vary
from vendor to vendor. For the purposes of Appendix B, GE 8x8 and Westinghcuse
17x17 were used as representative of BWR and PWR fuel, respectively, since

they are the most commonly used. A summary of the radioactivity data for the
10 CFR 61 radionuclides of interest is presented in Table 4.2.

4.3 RADIONUCLIDF CONTENT AND DECAY HEAT FOR METAL ALLOYS

ORIGEN-2 was also used to calculate activation of components made of
$5-304, Inconel-718, and Zirca]oy-4.(1) These are the most common alloys used
in core components, though not the only ones. Appendix C presents the activity
inventory due to the activation of one cubic meter of each of the alloys in a
BWR fuel assembly (28 GWD/MTU) and a PWR fuel assembly (33 GWD/MTU). The use
of one cubic meter basis allows the results to be compared to Table 1 and 2
in 10 CFR 61 (Appendix A) directly. Appendix C presents the decay heat as a
function of decay time after irradiation. The data from Appendix C is
summarized in Table 4.3 for several of the key radionuclides.

(1) The ORIGEN2 calculations were done using methodology described in ORNL/TM-
6051. Recent calculation indicate that the method described may
significantly underestimate the reaction rates outside the fueled region.
This is a region that has much of the waste and would have a significant
impact on our results,
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Table 4,2

Specific Activi

of Selected Components
)

(Ci/m
I ZMTU C-14 Ni-59 Nb-94 Ni-63
Half-Life 5730 yrs  8x10% yrs  2x10% yrs 100 yrs
10 CFR 61 Timit 80 Ci/m° 220 Ci/m° 0.2 Ci/m° 7000 Ci/m
PWR Assembly (33,000 MWD/MTU)
Whole Fuel Assembly  0.00651 92 780 200 100, 000
Grids/Springs/Etc. 0.00312 190 1600 410 220,000
($5-304 and
Inconel-718}
End Fitting 0.00339 2.3 4.2 0.02 580
(S5-304)
BWR Assembly (28,000 MWD/MTUY
Whole Fuel Assembly  0.04526 12 20 2.0 3,000
with Channel
Grids/Springs/Etc. 0.00209 33 330 17 51,000
(Zircaloy-4 and
Inconel X-750)
End Fittings 0.00461 26 43 0.19 6, 600
(55-304)
Channel 0.03856 10 0.06 1.4 9.1
(Zircaloy-4)
BWR Cruciform
Cruciform without 0.01330 42 70 0.30 11,000
Pins & Rollers
(S5-304 & B4C)
Pins & Rollers 4.7x107% 0.03 150 23,000

(Stellite-3 and
Haynes-25)

Specific activities rounded to two significant figures.

Full density metal.

Based on GE 8xB and Westinghouse 17x17
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Half-Life

10 CFR 61 limit

PWR_Alloys
Inconel-718

$S-304

Zircaloy-4

BWR Alloys
Inconei-718

$5-304

Zircaloy-4

Full density.

Specific Activity Irradiated Within Fueled

Region of Principal Core Alloys

{(Ci/m)

C-14 Ni-59 Nb-94 Ni-63
5730 yrs 8x104 yrs 2x10* yrs 100 yrs
80 Ci/m 220 Ci/mé 0.2 Ci/m 7000 Ci/m?

210 2300 820 310,000

210 380 1.4 52,000

10 0.07 1.4 9.9
200 2000 820 30,000
200 330 1.4 51,000

10 0.06 1.4 9.6

4.7






5.0  DISPOSAL CONSIDERATIONS

This section discusses disposal considerations for the SFD hardware and
NFB components. It includes three subsections which describe reguiatory
requirements, an economic analysis of disposal system alternatives and estimates
of projected quantities of the wastes to be delivered to repasitories for
disposal. In this section the term package refers to the final waste package
to be disposed of, whether it be a 55 gallon drum or the canister.

5.1 REGULATORY REQUIREMENTS

Both the Environmental Protection Agency (EPA) and the Nuclear Regulatory
Commission (NRC) promulgate regulations that impact disposal requirements for
radioactive wastes. The EPA defines dose limits to the public. The NRC in
turn develops industry reqgulation to insure that those 1imits are not exceeded.

5.1.1 Environmental Protection Agency (EPA) Requirements

The EPA, under the Radiological Programs Office, promuigates regulations
for the radiological protection of the general public. Title 40 of the Code of
Federal Regulations, Part 190 {40 CFR 190), covers commercial nuclear fuel cycle
operations after mining up to waste disposal. Regulation 40 CFR 191, covers
disposal of spent nuclear fuel, high-level and transuranic waste, Regulation
40 CFR 193, proposed rule making, will cover low-level radiocactive waste.

These regulations define allowable annual dose limits to the general
public due to the nuclear fuel cycle. Regulation 40 CFR 191 also presents
release limits to the environment for a number of isotopes. These regulations
define performance criteria, which the NRC, in turn, meets via other
regulations.

5.1.2 MNuclear Regulatory Commission (NRC) Regquirements
The NRC has two regulations covering waste disposal. They are 10 CFR
Part 60 and Part 61. 10 CFR 60 covers the deep geologic disposal of spent

fuel and high-level radioactive waste. 10 CFR 61 covers the near-surface
burial of low-level radicactive waste. There exists though, due to the
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definitions of high-level and low-level wastes within these regulations, a
class of waste which is not addressed in the reguiations. Much of the waste
under consideration in this report fails within this category.

10 CFR 60 is titled "Disposal Of High-Level Radioactive Waste In Geologic
Repositories”. Section 60.2(j) defines high-level radiocactive (HLW) as

(1) “irradiated reactor fuel; (2) liquid wastes resulting from the
operation of the first cycle solvent extraction system, or equivalent,
and the concentrated wastes from subsequent extraction cycles, or
equivalent, in a facility for reprocessing irradiated reactor fuel;
and (3) solids into which such Tigquid wastes have been converted."

It also defines radioactive waste as

"HLW and any other radiocactive materials other than HLW that are
received for emplacement in a geologic repository.”

What the other radiocactive materials are is not defined any further. However,
under the Nuclear Waste Policy Act of 1982 (Public Law 97-425}, high-level
radicactive waste is defined, in part, as "highly radioactive material that
the Commission, consistent with existing law, determines by rule requires
permanent isolation". To date, there has been no rulemaking but the NRC is
developing such a rule,

10 CFR 61 is titled "Licensing Requirements For Land Disposal Of Radio-
active Waste"., It classifies radioactive wastes in three classes according
to radionuclide inventory. They are classes A, B, and C, with C containing
the highest inventory. [Section 61.55 provides the Timits for each class and
is presented in Appendix A.] "Waste with concentrations above these limits
is generally unacceptable for near-surface disposal. There may he some
instances where waste with concentrations greater than permitted for Class C
would be acceptable for near-surface disposal with special waste forms or
more secure burial requirements. These will be evaluated on a "case-by-case
basis." However, it is apparent that this waste will not be considered for
near-surface burial routinely.

Of particuiar interest are the limits given for C-14, Ni-59, and Nb-94,
which are summarized in Table 5.1. Irradiating Zircaloy, stainless steel,
and Inconel alloys in the reactor core region produces sufficient quantities
of these isotopes to essentially preclude shallow land burial. The Ni-59 is
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largely produced by the reaction Ni-58(n,4)Ni-59. Nickel is a major constituent
of stainless steel and Inconel and so initial inventories are well known.
Therefore, estimates of the amount of Ni-59 due to activation are reasonably
accurate. This is not the case for Zircaloy where nickel is a trace element.

As can be seen from Table 4.3, the Ni-59 concentration in S$$-304 is 1.5 (BWR)

to 1.75 (PWR) times greater than specified in 10 CFR 61, This is based on 9%
nickel in the SS-304. In Inconel-718 the nickel content is about 50%, and

the Ni-59 concentration is 9 to 10 times greater than in the SS-304. These
results indicate that nickel concentration in excess of 5 w/o will result in
Ni-59 concentrations in excess of 10 CFR 61 limits for nominal burnup fuel.

Table 5.1. Activation Product Limits Specified in
10 CFR 61 for Class C Wastes

10 CFR 61 Tahle 1 Limit Half-Life
Radi lid (Ci/0)

C-14 80 5730
Ni-59 220 sx10*
Nb-94 0.2 22(104

10 CFR 61 Table 2 Limit Haif-Life
Radionuclides (Ci/m3) {Years)
Ni-63 7000 100

Carbon-14 and Niobium-94 are bcth a result of the activation of trace
impurities (except Nb in Inconel)} whose nominal concentrations are not well
known, although a maximum concentration is specified. Carbon-14 results from
activating nitrogen via the reaction N-14(n,p)C-14. In Zircaloy-4, where the
nitrogen is less than 0.008 w/o0, the C-14 is only 12% of the limit specified
in 10 CFR 61. However, in stainiess steel and Inconel, where the maximum
is 0.13 w/o, the C-14 is almost a factor of 3 above the 10 CFR 61 limit.
Given that nominal values of nitrogen are 0.03-0.07 w/o, this results in a
C-14 level right at the limit.

Niobium-94 is produced as a result of activating niobium via the reaction
Nb-93(n,7)Nb-94. It is present in Inconel-718 at 5 w/o. The activation results
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in Nb-94 levels more than 4000 times greater than that specified in 10 CFR 61.
In Zircaloy and stainless steel, assuming impurities of 0.012 w/o (120 ppm) and
0.01 w/o (100 ppm) respectively, the levels of Nb-94 are about a factor of 7
above the limit. This means that traces of niobjum in excess of about 20 ppm
will results in Nb-94 concentrations which exceed the Class C limit.

One must keep in mind that the Timits in 10 CFR 61 are based on the sum
of the fractions. This means that for all the isotopes, one takes the value
of each one and divides it by its limit. The sum of all these fractions must
be less than 1.0 to be considered acceptable for shallow-land burial. As an
example, if Ni-59 was determined to be 110 Ci/m3, Nb-94 to be 0.08 Ci/m3 and
C-14 to be 30 Ci/m3 then the waste would exceed the Class C limit.

(110/220) + (0.08/0.2) + (30/80) = 1.3

Table 5.2(a) summarizes the ratio of specific activities to the maximum
allowable activities for the radionuclides of interest from Table 1 of
10 CFR 61. Also included is Ni-63. This is the only nuclide from Table 2 of
10 CFR 61 which presently precludes shaliow land burial. However, note that
it is not additive to the nuclides in Tabie 1 (10 CFR 61).

5.2 ECONOMIC ANALYSIS

Costs estimates were developed for disposal of the non-fuel disassembly
hardware and other non-fuel assembly components from 70,000 MTU of spent fuel
{the current mission plan now has the first repository receiving 62,000 MTU
of spent fuel, with the remainder defense waste). A range of cases were
evaluated that included variations of the waste canister size, transport mode
and shipping distances, and disposal by shallow land burial or geologic disposal
and two treatment options. For the first treatment option we assumed the
metallic wastes would be Toosely packaged with random distribution of components
(an inefficient use of space) in drums or canisters without volume reduction
and for the second we assumed the wastes would be compacted to reduce volumes.

{a) Further analyses carried out subsequent to preparation of this report
have indicated that the concentration of activation products in some
non-fuel components outside of the active core region {e.g., end fittings)
may be substantially higher than reported here.
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Table 5,2. Ratio of Calculated Specific Activity to Maximum

Allowable Specific Activity for Shallow Land Burial

for Selected Components

m3fMTU

Cc-14

Ni-59

Half-Life
10 CFR 61 limit

PWR Fuel Assembly (33,000 MWD/MTU)

Total Fuel 0.00651
Assembly Hardware

Grids/Springs/Etc. 0.00312
(55-304 &
Inconel-718)

End Fitting 0.00339
(SS-304)

BYR Assembly {28,000 MWD/MTU}

Total Fuel 0.04526
Assembly Hardware
with Channel

Grids/Springs/Etc. 0.00209
(Zircaloy-4 and
Inconel X-750)

End Fittings 0.00461
(SS-304)

Channel 0.,03856
(Zircaloy-4)

BWR Cruciform
Cruciform without 0.01330

Pins & Rollers
(S5-304 & B,4C)

Pins & Rollers 4.7x10°
(Stellite-3 and
Haynes-25)

A1l ratijos rounded to two significant figures.

Full density.

5730 yrs
30 C1/m3

1.1

2.4

0.03

0.15

0.41

0.33

0.12

0.53

<0.01

Based on GE 8xB and Westinghouse 17x17

5.5

8x104 yrs
220 Ci/m

3.6

7.4

0.02

0.09

1.3

0.20

0.01

0.32

0.69

_Nb-94
2x10% yrs
0.2 Ci/m>

990
2100

0.08

9.8
86

0.94

6.8

1.5

21

Ni-63
100 yrs
7000 Ci/m>

13

32

0.08

0.43

7.3

0.95

0.01

1.5
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An estimate of the volume of compacted and uncompacted waste is presented
in Table 5.3. The waste volume estimates used here correspond approximately
to the high-range estimate that is developed in the more comprehensive volume
estimates for the waste volume projections presented in the next section
(Section 5.3). A1l of the costs are about 20% higher than would be the case
if the mid-range volume estimates were used. These differences, however,
would not affect the conclusions. The estimates in this section are based on
GE 8x8 as representative of BWR fuel and Westinghouse 17x17 as representative
of PWR fuel. For the uncompacted case, it was assumed that the waste was cut
in approximately 2 1/2 foot lengths and placed into 55-gallon drums., These
sections have square cross-sections and do not fill out the c¢ylindrical drum
very efficiently. For the compacted case, a volume reduction to 13% of full
density was assumed. Later data, reflected in other sections of this report,
indicate a somewhat higher density can be achieved.

Table 5.3. Waste Volume Estimate

Compacted Uncompacted
{kg/MTUV} ; _(m¥/MTU) _
PWR 75 0.056 0.90
BWR 310 0.32 1.7
Average (@) 150 0.14 1.2

(a) assume 1/3 BWR and 2/3 PWR

From the discussion of regulatory requirements, it would seem that the only
feasible disposal alternative is a geologic repository. However, for the
purposes of this study, it was assumed that shallow land burial could be made
available if there existed sufficient incentive or if regulatory requirements
were changed.

5.2.1 Alternatives Considered

In developing the alternatives to be evaluated several options were
considered. The first was the type of waste container used. The use of 55-
gallon drums or a canister (26 inches OD x 13 feet) that could hold the
equivalent of four 55-gallon drums, were the options considered. These are
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not necessarily optimum choices but are representative of the range of possible
continuous options.

A second option was whether the waste (non-fuel components) would be
compacted or not. Compaction via one of several volume reduction techniques
can attain a waste volume reduction to thirteen percent of full theoretical
density. (Later work, used in Section 5.3, indicate that higher values can be
attained.) It was determined that an uncompacted PWR fuel assembly skeleton,
cut into six sections could be placed into two 55-gallon drums. Likewise, a
BWR, with an uncompacted fuel channel would require 1 1/2 55-gallon drums
(almost one drum for the fuel channel alone and the remainder of the space
for the end fittings, grid spacers, etc.)

Crushing and shredding both have the capability to provide significant
volume reduction. Another possibility which was not considered here is melting,
which could provide even greater volume reduction. Volume reduction
technologies are the focus of current development programs. The options
evaluated were based on currently availabie processes.

Finally, the location of the fuel consolidation was considered. It could
be done at a repository, reactor site, or at some interim facility. This
consideration has many other impacts such as the type of fuel consolidation
equipment, cask requirements for the fuel transportation, etc., which are beyond
the scope of this study. Necessarily, this aspect is greatly simplified and
we considered herein only the waste disposal aspects and not any aspects related
to fuel handling or fuel consolidation. The facility and/or the equipment
necessary to perform waste compaction/packaging is not considered, with one
exception., In the case where 55-gallon drums are sent to a repository from
either a reactor site or an interim facility, they are assumed to be packaged
four to a container at the repository. This cost is included, but not the
initial packaging into the 55-gallon drum. This overpackaging is considered
operationally necessary for the repository to emplace the wastes in emplacement
hore holes.

To evaluate the two main alternatives {geologic versus shallow land
disposal) considering these three suboptions, three scenarios were defined,
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These are illustrated schematically in Figure 5.1. These jllustrate that fuel
consolidation, the point at which the non-fuel wastes are produced, might

occur at the repository, at an interim facility such as an MRS or at the
reactors. In each case we have assumed and considered that the compaction
options for the non-fuel wastes would only be exercised at the same Tocation

as the spent fuel consolidation. It could of course be done at another Tocation
such as the disposal site but we did not evaluate this alternative. Likewise

we have assumed that the non-fuel waste could be packaged in either, 55-gallo-
drums or in larger canisters at the location of the fuel consolidation.

In Scenario I, where the spent fuel consolidation takes place at the
repository, we assumed that non-fuel wastes heing sent to surface burial would
have to be returned to the region of their origin rather than to the regional
surface burial facility nearest the repository. This results in a 2500 mile
return shipment assumption.

In the case of consolidation at the intermediate facility (Scenaric II)
we assumed 1200 miles from reactors to intermediate facility and 1500 miles
from there to either the geologic repository or back to a regional disposal
site,

In Scenario III, the waste will go 2500 miles to a repository or 300
miles to a regional burial site.

The matrix of eight cases for each disposal option is shown Table 5.4.
Since there are two disposal options for each scenario, i.e., repository or
surface hurial disposal, a total of sixteen cases were evaluated for each
scenario,

5.2.2 Transportation Costs

Transportation costs were developed for both truck and rail transport modes
for each of the packaged waste alternatives. Cost estimates for both 100%
rail/0% truck and 0% rail/100% truck shipping cases, and for two shipping
- distances, 1500 and 2500 one-way miles were calculated. (Estimates for 300
miles were ohtained by extrapolation). In all, transportation costs were
estimated for a total of twenty-four cases.
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Scenario | Spent Fuel Consolidation at the Repository

Spent Fuel

2500 Miles
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'

Geologic
Repository
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> Land
Burial

Scenario Il Spent Fuel Consolidation at an Intermediate Facility

Spent Fuel
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Scenario 11l Spent Fuel Consolidation at Each Reactor
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300 Miles
-
Figure 5.1.
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lable 5.4, Matrix of Cases Evaluated for Each Disposal Option

Transport Package
Compactign Mode Type
Na Rail Drum
Rail Canister
Truck Drum
Truck Canister
Yes Rail Drum
Rail Canister
Truck Drum
Truck Canister

Additional information regarding the waste canisters is as foilows. It
is assumed that an empty 55-galion drum weighs 31 kg and an empty canister
weighs 560 kg. The net waste weights for the package without compaction were
27 kg of waste per drum and 108 kg of waste per canister. For the cases where
the wastes are compacted, the net waste weight were 216 kg per drum and 864 kg
per canister. The resulting loaded weights for both waste packages with
compacted and uncompacted waste are shown in Table 5.5. Also shown are the
drum and canister production rates for both compacted and uncompacted wastes.

Table 5.5. Waste Package Weights and Number of Packageéa)

Canisters Per
Weight, kg = _70,000 MTU
Uncompacted Wastes
55-gal drum 60 394,000
Canister 670 98,500

Treated Wastes
55-gal drum 250 49,000
Canister 1,425 12,250

(a) These waste guantities correspond approximately to the high-range waste
quantity estimates developed in the next section (Section 5.3).
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For the transportation cost estimates we assumed that the Federal
government will purchase shipping casks required for the shipments. The
reference shipping casks used to determine the transportation costs were the
High-Level Defense Waste (HLOW) truck and rail casks that are currently under
development by GA Technologies Inc. (General Atomic Co., 1982). The cargo
capacities of these casks for the waste packages shown in Table 5.6.

Iable 5,6, HLDW-Cask Cargo-Capacities for the Assembly Waste Packages
Number of Packages Per Cask

Truck Rail
Uncompacted Wastes
55-gal drum 3 24
Canister 1 8
Compacted Wastes
55-gal drum 3 15
Canister 1 5

The rail cargo capacities for the compacted and uncompacted wastes are
estimated to be different because the compacted wastes will have a higher
dose rate and will thus require more shielding. The reference rail shipping
cask is a convertible design that will use interchangeable liners or baskets
to provide various levels of gamma shielding. It was assumed that the
uncompacted wastes will require the egquivalent of approximately six inches of
steel shielding and the compacted wastes will require nine inches of steel
shielding equivalent. The truck cask is not a convertible design so the cargo
capacities for compacted and uncompacted waste are the same with the cask
somewhat overdesigned for the uncompacted case.

The capital costs for the transportation casks are $2.25-million for the
rail cask and $1.4-mjllion for the truck cask (including railcar or semitrailer)
mid-1984 dollars. We assumed that shipping casks have 15-year operational
lifetimes. Since the repository is assumed to have a 26-year receiving period,
these casks will have to be replaced once during the iifetime of the repository.



Further assumptions needed to calculate transportation costs are as
follows. First, truck shipments are assumed to travel at an average speed of
35 mph and rail shipments travel at an average speed of 12 mph {Wilmot, et
al. 1983). Turnaround times are assumed to be five days for rail shipments
and three days for truck shipments. These turnaround times are the combined
times for loading at the origin facility and unloading at the destination
facility. It is further assumed that shipping casks are available 300 days
per year.

The transportation costs are the sum of the capital costs and freight
(i.e., shipping) charges. Since it was assumed that the government would
purchase shipping casks to perform these shipments, the required number of
casks must he calculated. The number of casks needed for each case was
calculated on an annual basis by first calculating shipment durations for
both 1500- and 2500-one-way-mile shipments. The results were 16 and 23 days
per rail shipment and 7 and 9 days per truck shipment, respectively. These
shipment durations were multiplied by the annual number of shipments for each
case to determine the number of cask-days per year that are needed to perform
the shipments.

These values were then divided by the 300 day per year cask availability
factor to determine the number of casks per year that are needed. After the
annual cask requirements were calculated, they were multiplied by a factor of
two to determine the total number of shipping casks required over the 26-year
repository receiving period. After the required number of shipping casks was
determined, it was multiplied by the capital costs to calculate total Tife-cycle
capital costs.,

The final portion of the transportation costs is the freight shipping
charges assessed by carrier companies for delivery of the cargo. Freight
charges include distance and weight costs, detention or demurrage costs, and
a surcharge for highway route controlled quantities of radioactive materials.
The sum of these charges is shown in Table 5.7.
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Table 5,7. Freight Charges for Assembly Waste Shipments

Freight Charge Rate
($/kg of waste) _

1500 miles 2500 miles
Rail 2.3 3.3
Truck 1.5 2.1

The freight charge rates shown above were multiplied first by the cargo
weights for each type of shipment and then by the annual number of shipments
to determine annual freight charges. The annual freight charges were then
multiplied by the 26-year repository receiving period to calculate a 70,000
MTU repository Tife-cycle freight charges for these assembly wastes.

The results of the transportation cost calculations are shown in Table
5.8. Compaction reduces total transportation costs substantially (three to
eight-fold) even for the 300 mile shipment. Rail transport costs are
substantially cheaper than truck for the uncompacted wastes but truck transport
costs are generally a little cheaper for compacted wastes.

5.2.3 [Disposal Costs

Disposal costs were estimated for non-fuel components of the fuel
assemblies by shallow land burial as well as for a geclogic repository. Shallow
Tand burial was included to determine if there exists sufficient economic
incentive to warrant its consideration even though the waste at present may
exceed Class C limits. These disposal costs are intended to compare the
relative magnitude of the costs for shallow land burial and geologic disposal.

For shaliow land buriai, published rate charges (4/84) for the Barnwell,
South Carclina disposal site were used to determine cost estimates of disposal
at the site. (Cost estimates at a federal facility may differ from a commercial
site.) A computer code, BELOW, was used to calculate the cost, given the
receipt rates and transport modes detailed earlier. At this time, Barnwell
does not accept rail shipments. However, this was included as a parameter
for comparison purposes. One of the important costs is a curie content
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Jable 5.8. Transportation Costs for 70,000 MTU of Fuel Assembly Wastes

Transportation
Transport Container Number of Costs in $milfions
Compaction Mode Type Contajners 2300 mi 1300 mi 300 mi

No Rail 55-gal. Drum 394,000 289 202 98
Canister 98,500 387 270 130
Truck 55-gal. Drum 394,000 473 368 242
Canister 98,500 453 345 215
Yes Rail 55-gai. Drum 49,000 93 68 38
Canister 12,500 102 76 45
Truck 55-gal. Drum 49,500 87 64 36
Canister 12,500 a5 66 43
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surcharge. - This surcharge is based on ten-year old wastes here. The curie
surcharge rate per curie, which is as high as $6 per curie for truck shipments
of uncompacted waste, declines as the number of curies in a shipment increases
even though the surcharge per shipment increases.

The cost estimates for shallow land burial disposal are presented in
Table 5.9. These disposal cost are broken down inte four categories in addition
to the total. These include a high integrity container (HIC) cost for Class C
wastes which is actually incurred at the treatment and packaging site. We
have used HIC costs of $300 for 55-gallon drums and $5000 for the large canister
compared to $50 and $2000 respectively for these size canisters going to
geologic disposal. The other cost categories include (1) the basic burial
charge combined with cask handling charges, weight surcharges when applicable
and taxes, (2) the radiation surcharge, (3) the curie surcharge and (4) the
total costs. The radiation and curie surcharges are clearly very significant
cost components.

The estimates for disposal costs in a repository were calculated by adding
these waste canister requirements to an existing RECON case for high-level
waste disposal in a salt repository model, and determining the incremental
costs. No capital costs were allocated to this additional waste; only the
additional incremental operating costs of handling and disposal were included.

The cost estimates for repository disposal were broken down into four
categories, which are applicable, either in part or in total, for the three
scenarios. These include receiving, packaging, and emplacement plus the initial
container cost. Repository disposal costs include (1) the cost of receiving
the waste packages at the repository if the consolidation occurs at a facility
other than the repository, (2) overpacking, that is, the cost of placing
55-gallon drums into a container, four drums per container and (3) emplacement
in the repository. It was assumed that if drums were sent to a repository, they
would be overpacked into a more efficient configuration for disposal since
the facility would already be geared to handling, large, remote-handled,
packages. Emplacement is the cost of emplacing those containers into boreholes
in the repository.
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Table 5.9. Shallow Land Burial Costs ($millions) for 70,000 MTU of Fuel Assembly Hardware

Shallow Land Burial

Package “Radiation Curie Fee, Taxes,

Transport Package Cost Surcharge Surcharge and Other
Compaction Mode =~ _ _Type = (millions$) (milljons$) (millions$} (millions$) Total
No Rail Drum 118 289 163 81 651
Canister 493 288 163 77 1021
Truck Drum 118 289 1049 161 1617
Canister 493 288 784 138 17013
Yes Rail Drum 15 108 163 13 299
Canister 61 108 163 15 347
Truck Drum 15 108 163 22 308

Canister 61 108 163 22 354



The cost estimates for geoiogic disposal are presented in Table 5.10(a).
A1l three repository costs are incurred in Scenarios II and III. The receiving
cost is not incurred in Scenario I where spent fuel consolidation is

accomplished at the repository so the total disposal cost is reduced by that
amount.

Comparing the costs for disposal in Tables 5.9 and 5.10 it is apparent that
disposal costs for shallow land burial can exceed geologic disposal costs in
some cases. Canister costs are considerably larger than drum costs, and their
use does not appear to he cost effective in the case of shallow land burial
but does appear to be cost effective for geologic disposal. Waste compaction
reduces these disposal costs as much as eight-fold.

5.2.4 Disposal System Costs

The estimated disposal system costs, transportation plus dispcsal, are
compared in Table 5.11 for the three scenarios described in Figure 5.1 These
are essentially the total system costs except that they do not include the costs
of the initial waste compaction and packaging but do include the container
costs. Facilities for these two operations are assumed to be an integral
component of the spent-fuel consolidation facilities and we have not attempted
in this study to develop these costs.

The results compared in Table 5,11 show a significant incentive for waste
consolidation. Even though the cost for the consolidation operation is not
included it is clear that the magnitude of saving is so large that compaction

facility costs should be easily absorbed for either shallow land or geologic
disposal,

The larger package (canister) does not appear to be a cost effective option
for the shallow land disposal but this is largely a result of the canister
cost assumptions and deserves further study.

(a) These repository costs do mot include the cost of a 300-1000 year container
as is required by 10 CFR 60 for high-level waste or spent fuel. If such
a long lived container is required for the non-fuel components, the total
repository costs would be substantially increased.
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Table 5,10. Geologic Disposal Costs ($millions) for 70,000 MTU of Fuel Assembly Hardware

Package . .
Transporkt Package Cost Rebosltorym?;?posal e

Compaction __Hode _Type (millions§}) Recejving Packaging Emplacement Total
No Rail Drum 20 101 666 BBO 1667
Canister 197 46 - BBO 1123
Truck Drum 20 374 666 gao0 1940
Canister 197 251 S— 880 1328
Yes Rail Drum 2 16 85 110 213
Canister 25 8 - 110 143
Truck Drum 2 47 as 110 244
Canister 25 32 —_— 110 167

(a) with $2000-overpack
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Compaction

No

Yes

Table 5,11,
Transport Package
Mode Type
Rail brum
Canister
Truck Drum
Canister
Rail Drum
Canister
Truck Drum

Canister

Total Cost Estimate for Three Scenarios

__Scepario 1

1566

1077

1566

1077

197

135

197

Shallow
Repository Land  Repository

940

1408

2090

2156

392

449

395

439

. Scenario 11 _
Shallow
_Land
1667 8413
1393 1291
2308 1985
1673 2048
281 367
219 4213
308 372
233 420

_ Sgenario II]

306

245

i3l

252

Shallow
_Land
749

1151
1859
1918

337

392

344

397



System costs with truck transport is substantially more costly than rail
with the large number of packages in the uncompacted waste cases. In the
compacted waste cases the differences are relatively small although the truck
transport is still generally the more costly option. However, the difference
is not always decisive.

The Scenario [ assumptions result in the Towest total costs for repository
disposal and the highest total costs for shallow land disposal and a significant
cost advantage for geologic disposal assuming waste compaction. This is because
with spent fuel consolidation at the repository there are no waste receiving
costs and because returning the wastes to the region of their origin for shallow
land disposal requires the largest shipping distance and cost.

The Scenario II assumptions with spent fuel consolidation at an intermediate
facility results in cost differences between geologic and land dispesal that
are intermediate between those for Scenario I and III. The shallow-land
disposal costs are less than in Scenario I but a little larger than in
Scenario III.

The Scenario III assumptions with spent fuel consolidation at each reactor
result in the closest cost comparisons between geologic and shallow land
disposal costs (i.e., assuming compaction of wastes). This is because the
tong (2500 mile} shipment to geologic disposal compared to the relatively
short {300 mile) shipment to shallow land disposal tends to mitigate the larger
differences between the basic disposal costs.

Although these results indicate a fairly clear cost advantage for geologic
disposal, the possibility of more stringent packaging requirements for geologic
disposal could reduce the advantage. It might also be possibie to develop
packaging concepts that would reduce shallow land dispcsal costs. Storing
the waste for longer pericds prior to disposal could reduce the curie surcharges
substantially for shallow land disposal. Further cost analysis of these issues
is warranted.

The principal cost conclusions can be summed up as follows:
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1. There is a strong cost advantage for compaction of the fuel assembly
components remaining after spent-fuel rod consolidation.

2. Waste packaging in a large canister on the order of 2-feet diameter x
13-feet long appears more cost effective than use of 55-galicn drums for
geologic disposal but questionable for shailow land disposal.

3. Assuming waste compaction, geologic disposal appears to have a cost
advantage compared to shallow land disposal even though some components
might qualify for shallow land disposal.

4. Assuming compaction, the cost differences between rail transport compared
to truck are generally small and the choice will depend on facility siting.

5.3 PROJECTED ANNUAL WASTE QUANTITIES

Based on the results of the analysis presented in Section 4.0 and the
current Timitations regarding materials that can be disposed of by shallow
Tand burial as well as the apparent lack of an economic incentive for shallow
land disposal as opposed to geologic repository disposal just discussed, it
appears prudent at this time to assume that all of the SFO and NFB wastes
will require geologic disposal.

The data on waste quantities developed in Section 3 were combined with the
PNL Spent Fuel Data Base (Heeb, Libby, and Holter. 1985), to develop projected
annual quantities of this waste type requiring geologic disposal. The spent
fuel data base maintained at PNL contains a file for each operating reactor as
well as those under construction with planned startup dates. 1In addition,
generic reactor files are maintained to account for unspecified reactors
required to make up the difference between nuclear power growth projections
and the capacity to be available from operating and planned reactors. The
file includes detailed information on spent fuel stored at each reactor and
spent fuel projected yet to be discharged over the life of each plant. The
file includes data describing each fuel discharge batch including the number
of assemblies and the vendor (manufacturer) who supplied the fuel. The data
base can be queried to develop information on spent fuel availability and
characteristics under a variety of assumed scenarios,
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5.3.1 Unit Waste Quantities for Disposal

To use the Spent Fuel Data Base to project quantities of non-fuel wastes,
it was first necessary to correct the vendor specific data developed in
Section 3 to unit quantities of waste ready for repository receipt. We had
originally intended to develop projections based on specific waste quantity
estimates for each fuel assembly model. Two problems prevented this: 1) we
were unable in the time available to develop the necessary data for each fuel
assembly model and 2) the Spent Fuel Data Base could only identify the fuel
by fuel vendor rather than fuel model. (A more complete fuel assembly
description has recently been added to the Spent Fuel Data Base but was not
available in time to use for these analyses.)

Using the untreated waste quantities estimated in Section 3, we projected
treated waste volumes by fuel vendor. For these projections it was assumed
that the spent fuel disassembly hardware and non-fuel-assembly components
were processed through some form of volume reduction. Two types of volume
reduction were considered, that is, shredding or compaction. Either of these
options will resutt in a density of approximately 15% of full density. (A
13% theoretical density by compaction was estimated in Section 4 and the MRS
Architect-Engineer has estimated 17% of theoretical density by shredding.)
Melting is another option, but it was not considered here because of its
uncertain feasibility and cost. Its effect on the waste volume would be to
reduce waste volumes by about another factor of six. One of the problems
associated with melting would be the corresponding increase in the heat load
associated with each waste package.

Because of the advantages inherent in handling fewer large canisters as
compared to more small canisters or 55-gallon drums, a fairly large waste
canister was assumed. It is 26-inches in outside diameter and approximately
13-feet long including a Tifting pintle. This size canister could either be
Toaded directly with compacted or shredded waste or it could be Toaded with
four standard 55-gallon drums individually filled with waste. This flexibility
might be desirable if spent-fuel disassembly is performed at more than one
site, for example, at some reactors and at an MRS,
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The canister is similar to the defense-waste RH-TRU canister except longer
(Rockwell, 1984). The RH-TRU canister is only 10-feet long and holds three
55-gallon drums. Its length was limited to fit the defense HLW shipping cask
employing a modified shielding insert that is required to accommodate the
26-inch diameter canister size.

Two waste loadings of the canister were considered. One loading consists
of four standard 55-gallon drums being individually filled and placed inside
the canister. The other loading is based on the canister being filled directly
with compacted or shredded waste. A 50:50 mix of these two loadings was
assumed. At 15% of full density for the waste (1.1 kg/liter), and 96% packaging
efficiency, a drum will hold approximately 240 kg of waste, Four of these
drums will hold 960 kg of waste. Using the same assumptions for density and
packaging efficiency, a canister filled directly will hold slightly more than
1300 kg. Averaging the two canisters loadings results in approximately 1.1 MT
of waste per canister,

The canister Toading estimate was combined with the vendor specific waste
quantity estimates from Table 3.6 and 3.7 to provide a vendor-specific estimate
in terms of numbers of canisters requiring disposal. The results are presented
in Table 5,12. Three estimates are shown, i.e., minimum, mid-range, and
maximum, These are derived from the plus and minus range values presented in
Table 3.6 and are used to develop the low-range, mid-range, and high-range
waste quantity projections in Section 5.3.2.

An important aspect of the assumptions regarding canister size and loading
is their impact on the potential heat output of the loaded canisters., One of
the principal activation components in the spent fuel hardware components is
cobait-60. The heat generaticn effect is much more significant in PWR
components than in BWR components as shown in Table 5.13. This is because
there is a considerable amount of Inconel in the core region, which has a
cobalt content of 0.5-0.6 w/o (see Table 4.1). BWR assemblies have
predominantly Zircaloy in the core region which has a very low cobalt content.
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Table 5.,12. Canisters per Fuel Assembly

Spent Fuel Non-Fuel-

Disassembly Hardware Bearing Components Total Estimated Waste
Fuel Vendor Min. Mid Max. Min. Mid Max. Min. Mid Max.
General 0.007 0.010 0.012 0,023 0,034 0.045 0,030 0.044 0,058
Electric
Westinghouse 0,024 0.029 0.035 0.001 0.001 0,002 0,025 0,031 0.036
Babcock & 0.031 0.034 0.037 0,005 0.006 0.007 0.036 0.040 0.044
Wilcox
Combustion 0.027 0.034 0.041 0.001 0.001 0,002 0.028 0.036 0.043
Engineering
Exxon - BWR 0.007 0.007 0.008 0.023 0.034 0.045 0.029 0.042 0.054

Exxon - PWR 0.022 0,025 0.027 0.002 0.0013 0.004 0.024 0.028 0.031



Table 5.13. Heat Generation Rates in Spent Fuel Hardware
Canisters Assuming 15% of Theoretical Density

atts / Canisters ‘(%)
Years Since PWR (b) BWR (c)
_Discharge Euel Euel
5 834 85
10 417 38
15 222 19
20 125 9

(a) Based on 26-inch 0.D. x 13-feet long canister.

(b) Based on average exposure of 33,000 MWD/MTU,

(c) Based on average exposure of 28,000 MWD/MTU.

(d} Primary contributor Co-60; half-life is 5.3 years.

The estimates in Table 5.13 are based on an average mix of components.
Individual canisters could be substantially higher or lower if there is any
segregation of components.

5.3.2 Annual Waste Generation Rates

The waste generation rates in terms of both annual and cumulative numbers
of canisters for the low-range, mid-range and high-range estimates are presented
respectively in Table 5.14, 5.15 and 5.16. These ranges correspond respectively
to the minimum, mid-range, and maximum canisters per fuel assembly shown in
Table 5,12, The projection starts in 1998, the year of the first repository
startup, and continues through 2025, three years after the first repository
is filled. The second repository startup is 2006.

Throughput rates are based on the 1984 EIA middle-case nuclear-power
growth projection and the current Office of Civilian Radiocactive Waste
Management Mission Plan repository schedules. The annual and cumulative metric
tons of uranium-equivalent are shown in columns 5 and 6, respectively.
Quantities for each year are shown for both PWR and BWR fuel as well as the
total. The order of priority for processing and disposal is strictly oldest
fuel first. The minimum and maximum ages, i.e., years cooled since reactor
discharge, are shown in columns 2 and 3. The age of the fuel and associated
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Table 5.14. Canisters of Non-Fuel Waste for Repository
Disposal, Low-Range Estimate

Looling Fuel Matric Tons  _Canisters by Fuel Vendor. . _Canisters.  Repository Mo, 1

Year MNY MXY Typa Annual Cum, B (E EX GE ME QT Anoual Cum. Anoual Cum.
1998 25 28 PWR 173 173 9 ¢ 9 0 5 ¢ 14 14 14 14
BWR _ 227 _ 2272 0 0 0 38 0 1 38 38 s s
TOTALS 400 400 52 52 52 52
1999 25 26 PWR 213 6 2 2 0 0 11 ¢ 16 30 16 30
BWR _1BE? _4l4 @ 06 0 30 0 2 32 70 32 10
TOTALS 400 800 47 100 a7 100
2000 25 26 PWR 226 613 2 13 0 0 2 1] 16 46 16 46
BWR 173 567 a e o 29 @ 2 a1 101 __ 31 _13
TOTALS 400 1200 47 147 47 147
2001 24 26 PR 449 1061 a8 1 ¢ ¢ 1. 1 29 74 29 74
BWR __45] .lo3 8 ¢ o0 @ 72 ¢ 0 72 __173 12 __113
TOTALS 900 2099 101 247 101 247
2002 24 25 PWR 1053 2115 21 14 2z 3 1 71 145 71 145
BWR __746 _1785 O O 7 107 0 12 126 299 _126 299
TOTALS 1600 3899 197 444 197 444
2003 22 25PWR 1760 3875 32 18 6 o 8¢ 0 115 260 115 260
BWR _1240 3024 0 0 5 195 0 1 201 _501 _201 _ %801
TOTALS 3000 6499 il 760 316 760
2004 21 Z PWR 1911 5786 32 19 14 0 56 0 122 382 122 382
BWR _l0&% 4113 0 ] 8 172 0 0 __lap _ 680 _1Bg _680
TOTALS 3000 5899 302 1062 102 1062
2008 19 2ZPWR 1348 7734 28 21 14 o 6l 0 123 504 153 504
BWR _10S2 8168 0 ¢ 8 172 0 0 _180 __86Q _1B2 _56Q
TOTALS 3000 12899 309 1365 303 1365
2006 18 20 PR 2380 10113 32 35 11 0 72 0o 150 654 118 £03
BWR _1S20 _fG8S O O 7 246 0 0 _2%53 _1111 __l1e4 __#S§
TOTALS 3900 16799 402 1767 310 1674
2007 17 19PWR 3079 13192 31 30 18 ©0 110 O 189 844 118 527
BwR _1721 _B8406 ] 0 12 75 o o _287 _1399 _179 _f{I%
TOTALS 4800 21599 - 476 2243 298 1972
2008 16 18 PWR 3081 16273 43 35 Il 0 105 0 193 1037 121 648
BWR _1719 10128 © o 1T 19 @ 0 __2B6 1666 __ 179 _1083
TOTALS 4800 26398 479 213 100 2271
2009 1S 17 PWR 3059 19933 36 34 12 0 109 O 190 1227 119 767
BWR _1740 11868 O O 8 281 0 ¢ 289 _1975 _18l _1234
TOTALS 4800 31198 479 3202 300 2571
2010 14 16 PWR 3175 22508 42 34 15 0 108 0 199 1426 124 891
BWR _1625 13490 0 0 7 2683 ¢ o _ZIp _2745 __189 _l4(3
TOTALS 4800 35998 469 3671 29 2864
NOTES: MMY = minimum years cooled EX = Exxon
MXY = maximum years cooled GE = General Electric
BW = Babcock and Wilcox WE = Westinghouse
CE = Combustion Engineering 0T = Others
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Copling Fuel

Isar MY MXY Tvne Annual _Cum,
2011 13 15 PWR
BWR

TOTALS
2012 12
TOTALS
2013 10
TOTALS
2014 10
TOTALS
2015 S
TOTALS
2016 8
TOTALS
2017 8
TOTALS
2018 7
TOTALS
2019 7
TOTALS
2020 6
TOTALS
2021 6
TOTALS
2022 6
TQTALS
2023 6
TOTALS

14

11

11

10

PWR
BWR

PHR
BWR

MR
BWR

PwR
BWR

SwWR

PWR

PHR
BWR

MR
BWR

PRR
BWR

PwR
EWR

PHR
awR

PR

Table 5.14.
Matric Tons.
3394 25901 51 37 11
15497 0 o 8
5400 41368
3798 29699 45 39 1§
2202 17699 0 0 10
6000 47398
3815 33514 50 39 1§
2185 19BB4 0 g 13
5000 53398
3821 37335 SO 38 10
2178 22062 0 0 6
5000 59397
3645 40980 41 33 12
2458 24417 0 o 18
6000 65397
3419 44399 35 32 13
2581 26998 0 0 o
6000 71397
3625 48024 31 21 9
2378 2931 0 0 0
6000 . 77397
3920 51944 42 35 14
L2080 1453 0 o 0
6000 83397
3510 65454 20 25 O
13943 o 0 0
6000 89397
3804 59257 20 20 O
2196 36139 0 a ]
6000 95396
3774 63032 19 24 O
L2226 28385 0 ) 0
6000 101396
2406 65438 9 9 O
1594  40p58 o i} 0
4100 105496
2004 67441 7 10 O
296 4lgS54 0 0 0
3000 108496

(Cont'd.)

0 115
326 0

£} Q

351 0

353 0

372

426 0
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_Lanisters by Fusl Yendor
B CE EX GE ¥ o

o Q

o C

Annual Cum. Annual Lum.

Canistars
213 1639
234
47 4218
235 1874
366 2945
602 4820
B6 2111
364 _2309
600 5420
BT 2348
359 _3668
596 6016
224 25712
-390 _4008
814 6630
209 z781
—426 4484
635 7265
27 2998
—dal _4678
600 7873
241 3238
—24] 2216
581 8455
208 3446
--402 _5618
610 9065
224 3670
—229 _2978
5 9648
225 3895
364 _6342
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15448
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Table 5.14. (Cont'd.)

Coaling Fuel Mgtric Tons _Ean_sn::_n.x_ﬁuﬂ_landnr,. -Lanisters = Repogitory No, 1

Year MNY MXY Typa Anpual Cum, HM CE EX GE HE Annual Cum. Annual Cum.
2024 7 7 PWR 1783 69225 5 6 0 0 o 0 104 4261 ] 0
BWR _1217 42271 0 ] 0 200 ] 0 200 _S983 ... 0 0

TOTALS 3000 111496 305 11244 0 6290
2025 7 &PWR 1781 71016 5 5 ] ¢ 95 0 106 4366 0 ]
BWR _1208 43479 O o g 198 0 ¢ 199 _7182 o __0

TOTALS 3000 114495 304 11548 0 6290
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Table 5.15.

Conling Fue! Metric Tons  _Canisters by Fue) Vendor = Canisters.  Regosifory No,.l
Yoar MNY MXY Type Apoual Cum, M LCE EX GE WE OT Annual Annual
1998 25 28PWR 173 173 10 o o o 7 0 16 16 6 16
BWR 0 o0 o 5 o 1 56 86 __56 __56
TOTALS 400 400 : 73 73 73 73
1999 25 26 PWR 213 38 3 3 0 0 14 D 19 35 19 35
BWR __187 414 0 0 0 44 0 3 _46 _Jp3 __46 _1p3
TOTALS 400 800 65 138 65 139
2000 25 26 PWR 226 613 2 1 o o 2 @ 20 56 20 56
BWR 567 0 0 o0 43 0 3 __ 45 45 _148
TOTALS 400 1200 66 204 86 204
2001 24 26PWR 449 1061 9 2 0 0 22 1 35 90 35 90
BwR _481 _1m@8a o o0 ¢ 165 o0 0 _Jpg _ 264 __1D5 __254
TOTALS 00 2099 140 344 140 344
2002 24 25 PWR 1053 2115 24 18 2 2 39 1 85 175 85 175
BeR _746 _1788 ¢ 0 10 158 0O 18 _185 __ 439 __185 __439
TOTALS 1800 3899 271 6l4 271 614
2003 2z 25PER 1760 3875 35 28 7 @ 74 0 138 314 138 314
BWR _1240 3024 0 0 7 287 0 2 _298 _ 734 __29% _ 734
TOTALS 3000 6899 433 1048 433 1048
2004 21 ZZPWR 1911 5786 36 25 17 0 T0 0 147 461 147 451
BWR _1089 4113 © o0 11 22 o0 0 _263 263 9g7
TOTALS 3000 9899 410 1458 410 1258
2005 19 22PWR 1948 7734 31 26 16 0 75 0 149 610 149 610
BwR _10DS2 _S165 0 0 11 299 ©0 0 _264 _1261 264 _1261
TOTALS 3000 1289% 412 1871 412 187
2006 18 20PWR 2380 10113 35 45 13 0 % 0 18 792 140 609
BWR _1520 _£608S 0 0 10 380 0 0 _310 _1se3l _.285 _1228
TOTALS 3900 16799 553 2424 425 2296
2007 17 19PWR 3079 13192 35 39 21 O 136§ 0 23831 1023 144 639
BWR _1721 _Bd406 O 0 17 4 0 0 - 2082 263 _1282
TOTALS 4800 21599 651 3075 407 2703
2008 16 18 PWR 308l 16273 47 45 13 0 130 0 235 1258 147 786
BWR _1719 10125 ©0 0 li 409 O O __420 _2471 __262
TOTALS 4800 25398 655 3729 409 3112
2009 15 17 PWR 3059 19333 40 43 14 0 135 0 232 1490 145 g3l
BwR _1740 11866 O o 12 413 o 0 _424 _2895 __265 _18I0
TOTALS 4800 31198 656 4385 410 3522
2010 14 16 PWR 3175 22508 47 44 18 0 133 0 281 1731 151 1082
BWR _1625 13490 0 0 11 38 o 0 _2g7 2292 __ 248 2057
TOTALS 4800 35998 638 5023 399 3921
NOTES: MMY = minimum years cooled EX = Exxon.
MXY = maximum years cooled GE = General Electric
BW = Babcock and Wilcox WE = Westinghouse
CE = Combustion Engineering 0T = other

Disposal, Mid-Range Estimate
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Table 5.15. (Cont‘'d.}

Coaoling Fuel Metric Tops,  _Capisters by Fuel Yepdor = _Canisters  Repository Na, 1

Yoar MMY MXY Tyoe Anpual Cum, BN L KX GE M QT  Annwal Cum, Anpual Cuma

2011 13 15 PWR 3354 25901 57 47 13 0 142 0 259 1990 144 1106
0

oWR 2006 15497 0 11 479 0 0 490 Q782 272 2101
TOTALS 5400 41398 748 5772 416 4337

2012 12 14 PWR 3798 29699 50 50 148 287 2z 143 1138

BWR _2202 17699 O 0 14 523 0 0 _537 _43)8 _ 268 _2159
TOTALS 6000 47398 824 6595 412 4748

=]
—
o
r
o

2013 10 13 PWR 3815 33514 536 51 17 0 164 0 287 2564 144 1282

Bwe 2186 J9884 O 0 18 515 0 0 _533 _4801 __267 _2428
TOTALS 6000 53398 820 741& 410 5159

2014 10 11 PWR 3821 37335 56 48 12 0 172 0 288 2852 la4 1426
0 0

BwR _2178 22062 9 518 0 0 _526 _S278 _261 _2889
TOTALS 6000 59397 814 8230 407 5566

2015 9 11 PWR 3545 40980 45 42 14 0 1M 0 2713 3125 137 1563

BWR _2385 24417 0 0 27 545 a 0 _51z2 _SMg _286
TOTALS 6000 65397 845 9075 422 5988

;

2016 8 10PWR 3419 44399 39 41 16 0 160 0 255 334 128 1690
BwR _2t581 28998 0 0 0 625 0

;
g
:
:

TOTALS 6000 71397 880 9955 440 6428
2017 8 OPWR 3625 48024 34 Z7 1l o 193 0 265 3646 133 183
8wR _2175 29373 0 O 0 574 0 0 E74 _11a9 _287 3874

TOTALS 6000 77397 839 10795 420 6848
2018 7 9PWR 3920 51544 47 48 16 0 18 0 293 3939 147 1970
BNR _20B0 31483 O 0 0 500 0 0 _500 _I648 _ 250 _3B24

TOTALS 6000 &3397 793 11588 397 7245
2019 7 8 PWR 3510 55454 22 73 o 0 203 0 257 4196 128 2098
EWR _2490 33943 0 0 O 590 ¢ 0 _S3%0 _jxe _29% 4119

TOTALS 6000 89397 847 12434 43 7668
2020 & 8PWR 3804 59257 22 26 0 a 227 0 276 4472 138 2236
BwR _2198 38139 0 0 0 527 0 0 _EZF _m&5 _ 261 _4382

TOTALS 6000 95356 802 13737 401 8069
2021 & 7PMR 3774 63032 21 31 0 0 226 0 278 4750 139 2375
BWR _2226 38355 0 O 0 534 0 0 __S§34 _9299 __ 267 _4650

TOTALS 6000 101396 812 14049 406 8475
2022 § 7FPWR 2406 65438 10 11 0 0 1% 0 175 4925 47 1321
BwrR _lSod4 40058 ©0 ©o 0 407 0 0 __407 _9706 _109 _2604

TOTALS 4100 105496 582 14630 156 9631
2023 6 7 PWR 2004 67441 8 13 0 0 126 0 147 5072 0 0
BWR _ 996 41084 0 O 0 240 0 0 _240 9948 _ 0 __ Q0

TOTALS 000 108496 388 15018 0 8631
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Table 5.15. (Cont'd.}

Conling Fuel Matric Tons ~— _Canisters by Fus] Yepdor ~ _Canisters = Repository No, 1
Yoar MNY MY Type Apnual . Cum, B CE EX GE HE O Annual Cum, Apnual Cum,
6 7 0
D 00

2024 7 7PWR 1783 69225 0 116 o0 129 5201 0 0
EBwr _1217 4227) 294 0 0 294 10240 __ 0 __ 0

TOTALS 3000 111496 473 15441 0 8531
2025 7 @8PWR 1791 0l 6 7 0 0 lis 0 131 5332 0 0
BWR _1208 43479 0 0 0 291 0 0 _291 10831 __ & __4Q

TOTALS 3000 114495 422 15863 G 8631
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Table 5.16.

Disposal, High-Range Estimate

Cooling Fuel Metric Tons  _Cagisters by Fual Yandor
Yaar MNY MXY Typa Annwal Cum, By & EX GE ME OT Anownl Cum,
1998 25 28PWR 173 M3 11 o o0 O B8 0 18 18
BWR _277 _2Z o0 O 0 73 0 2 __1& __74
TOTALS 400 400 2] ]
1999 25 26 PWR 213 388 3 3 0 0 W 0 22 43
BwR _ 187 44 0 o0 o0 58 0 3 6 __135
TOTALS 400 8OO a3 178
2000 25 26 PR 226 613 2 1 0 o0 3 0 24 54
BWR 587 ¢ 0 & 5% 0 & S0 _ 198
TOTALS 400 1200 84 260
2001 24 26PWR 449 1061 1 2 0@ 0 26 1 40 104
BWR __45] 1038 0 ©0 0 139 0 0 _139 _ 334
TOTALS 900 2099 179 438
2002 24 25PWR 1053 2115 26 21 2 2 45 1 98 202
BWR __ 746 _1785 0 O 13 208 0 23 _ 244 _ 578
TOTALS 1800 3899 342 780
2003 22 25PWR 1760 3875 39 Z7 7 0 B8 O 159 361
BWR _1240 a © 9 378 0 2 _389 _ 967
TOTALS 300¢c 6899 548 1328
200 21 ZAPWR 1511 5786 39 30 19 o0 & 0 189 530
BWR _1089 _4112 o0 0 15 332 0 0 _347 _1314
TOTALS 3n00 9899 515 1643
2005 19 22 PWR 1%4B 7734 34 32 17 o 88 0 171 700
- BWR _10DS2 5165 O O 15 333 0 0 _347 _18Al
TOTALS 3000 12899 518 7361
2006 18 20PWR 2380 10113 39 S 14 ¢ 104 g0 211 Sl
BWR _1520 _6685 ©0 O 13 475 O O __48R _2149
TOTALS 3900 16799 698 3060
2007 17 19 PWR 3079 13192 38 46 XA 0 188 0 266 1177
BwR _1721 _B40f 0 O 22 532 O O _.&883 _Z7r2
TOTALS 4800 21599 820 3879
2008 16 1aPWR 3081 16273 52 54 14 0 151 @0 271 l4a48
BWR _1719 Q125 © O 14 S39 ©0 O __553 _325§
TOTALS 4800 26398 824 4703
2009 15 17 PWR 3059 19333 44 52 16 0 157 0 267 1715
BWR _1740 11866 ©o 0 15 544 G 0O _559 _3A814
TOTALS 4800 31198 826 5529
2010 14 16 PWR 3175 22508 52 S2 19 O 185 o0 278 1993
BWR - 1625 1345 0 0 14 509 o 0 __522
TOTALS 4800 35998 B0 6329
NOTES: MMY = minimum years cooled EX = Exxon .
MxY = maximum years cooled GE = General Electiric
8W = Babcock and Wilcox WE = Westinghouse
CE = Combuystion Engineering 0T = Other
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Respository No, 1
Anoupl Cum.
18 18
o3 g3
22 a0
& 1768
24 &4
84 260
40 104
139 _334
179 438
98 202
244 __ 578
342 780
159 361
548 1328
169 530
515 1643
171 700
518 2361
162 701
537 2899
166 736
512 341l
169 905
- 515 3925
167 1072
516 4442
174 1246
500 4942



Table 5.16. (Cont'd.)

Cooling Fuel Matric Tons ~— _Canisters bv Fuel Vendor = _Cantsters
Yoar MNY MXY Typo Anonual Cum, B C£ EX GE ME OT Anoual Cum., Aooual Cume

2011 13 1SPWR 3304 25901 62 57 14 0 165 O 298 2291 166 1273

BwR _2006 15497 ©0 0 14 631 0 0 _545 _4981 __ 358 2767

TOTALS 5400 41398 943 7272 524 5466

2012 12 l4PWR 3798 29699 55 60 19 0O 19 0 331 2622 165 1311

BWwR _2207 17699 0 O 18 589 0 O __707 _S68B _ 354 _2844

TOTALS 6000 47393 1038 8310 519  598%

2013 1o 13 PWR 3815 33514 61 60 19 0 191 0 331 2953 166 1476
BWR _21H5 19884 0 0 23 579 O 0 _ 702 _$390 __3si

TOTALS 6000 53358 1033 9343 517 5501

2014 10 l1P¥R 3821 37335 62 58 13 0 200 0 332 3285 166 1643
BWR _2178 22062 ¢ 0 11 682 ©0 0 _691 _7084 __ 347

TOTALS 6000 65397 1026 10369 513 7014

2015 9 11 PWR 3645 40980 50 50 16 O 199 0 315 3600 158  1ap0

BWR _2355 24417 © 0 34 719 0 0 _783 _7g37 __ 316 _3918

TOTALS 6000 65397 . 1068 11437 534 - 7548

2016 8 10 PWR 3419 44399 43 49 17 0 185 0 294 3895 147 1547

BWR _25B] 26998 ¢ O O 824 Q0 O ~Be8) __4l2 _4330

TOTALS 6000 71397 1119 12555 559 8108

2017 8 9PWR 3525 48024 37 33 12 0 224 0 306 4201 153 2100

BWR 375 2|13 O© 0 0 757 e o _IZ57 _@4l7 __ 278 4709

TOTALS 6000 77397 1083 13618 53l 8639

2018 7 SPWR 3920 51944 52 54 18 0 21§ 0 339 4539 169 2270

EWwR _2080 31483 ¢ 0 0 659 0 0 _f£ig9 10078 _ 328 _S038

TOTALS 6000 83357 9597 14516 499 9138

2019 7 B8PWR 3510 55454 24 39 0 O 235 0 298 4E38 149 2419

BNR _2490 31343 0 e o ™ o 0 _J77 10884 _389 _2427

TOTALS 6000 89357 1075 15691 538 9675

2020 6 8 PWR 3804 59257 25 31 G 0 264 0 319 5157 160 2579

BWR _2196 26138 0 0 0 694 0 0 _694 IiS48 _347 5774

TOTALS 6000 95396 1014 16705 507 lolaz

2021 § 7PWR 3774 63032 24 37 0 0 262 0 322 5479 161 2740

BWR _2226 3RiE5 O 0 0 704 0 0 104 12282 __382 4126

TOTALS 6000 101396 ) 1026 17731 €13 10696
2022 6 7 PWR 24056 65438 11 13 0 0 179 0 203 5682 54 1525
BWR _1£94 20058 0 0 0 535 0 0 _336 1798 _144 3431

TOTALS 4100 105496 739 18471 198 10894
2023 6 7 PWR 2004 67441 ? 16 0 0 145 0 171 5853 0 0
EWR __ 996 41054 O g8 0 317 o 0 Al Llps 0 __ 0

TOTALS 3000 108496 488 18958 0 loam
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Table 5.16. {Cont'd.)

Looling Fuei Metric Tons
Taar MHY MXY Type Annual _Cum,

2024 7T 7PR 1783 69225

BwrR 1217 42271
TOTALS 3000 111496

2025 7 @&8PwR 1791 71016
BWR _1208 43479
TOTALS 3000 114495

L=

o o

0 9 13 0 150
0 3 0 0 387

Q o 137 0 151
0 Jo4 0 0 __384
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disassembly waste decreases from 25 to 28 years at startup of the first
repository to 6 to 7 years when the first repository is filled (62,000 MTU of
commercial spent fuel plus 8,000 MTU-equivalent of defense high-level waste).

The number of canisters of non-fuel wastes are shown by vendor in columns
7 through 12. The vendors include Babcock and Wilcox, Combustion Engineering,
Exxon, General Electric, Westinghouse, and a sixth category referred to as
"others". The "others" category includes the small quantities of fuel
manufactured by Gulf-United Nuclear, Allis Chalmers, Nuclear Fuel Services,
and United Nuclear. The non-fuel wastes from these vendors were assumed to
have the same characteristics as Westinghouse fuel for PWR fuels and General
Electric fuel for BWR fuels. Likewise, the generic reactors added to meet
the growth projection requirements were assumed to have the characteristics
of Westinghouse and General Electric fuel for PWR and 8WR fuel, respectively.

The total annual and cumulative number of canisters for repository disposal
are shown in columns 13 and 14, respectively. The annual and cumulative number
of canisters for just the first repository are shown in columns 15 and 16.

These two sets are identical until the second repository starts up in 2006.

For the low-range estimate (Table 5.14) and after the first five-year
startup period the first repository receipt rates range from 291 to 318
canisters per year. The comparable rates for the mid-range estimates (Table
5.15) range from 399 to 433 canisters per year. For the high-range estimates
these values range from 4399 to 559 canisters per year. Thus the uncertainty
in basic quantities and volume of waste as illustrated by the difference between
these three cases (25 to 30%) is greater than the year-to-year annual rate
variations of approximately + 10% within each case.

Based on these results, the receiving and emplacement capabilities of the
first repository should be designed to handle up to 600 of these canisters
per year, However, for system planning purposes and life cycle cost estimates
a receipt rate on the order of 425 canisters per year would be appropriate.
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- Routine and special handling requirements

- Certification of irradiation, temperature, and storage history
e Irradiation history
e Container description and specification number

o Description of unusual operating conditions experienced by contained
components

¢ Weight

o Maximum surface dose rate

e Composition (Chemical and Radiochemical quantities)

s Proposed shipment date (on documents that precede shipment)

e Actual shipment date and carrier

e Certification that waste form meets all process control specifications

e Certification that canister meets design specifications and regulatory
requirements

e Certification of compliance with acceptance specifications contained herein
s Items of noncompliance with acceptance specifications
e Any other data routinely required or provided by transportation operations.

Di .

Documentation is necessary to satisfy NRC requirements for nuclear material
accountability and quality assurance requirements in 10 CFR 50 for traceability
as well as for conformance with written procedures for quality control.
Rationale presented in the Labeling and Color Coding requirement address the
need for package identification. Guidance for the subjects to be included in
such documentation is presented in the standard contract for waste acceptance,
10 CFR 961.11, VI, A2{a), which states:

"Purchaser shall provide to DOE a detailed description of the SNF
and/or HLW to be delivered hereunder in the form and content as set
forth in Appendix F, annexed hereto and made a part hereof. Purchaser
shall promptly advise DOE of any changes in said SNF and/or HLW as
soon as they become known to the purchaser.”

Appendix F in 10 CFR 961 indicates the types of details needed and a
requirement that this information must be received no later than 60 days before
the scheduled transportation date.

Documentation needs stated in this requirement are also based on a number
of sources of proposed criteria within the waste management program [DOE (1981);
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ONWI (1983a); Randklev, et al. (1983), and Ross, et a1.(a)] and are applicable
acceptance conditions throughout the waste management system.

Assuring Comoli

A data package with the requested information or a completed DOE form
will be developed for the presentation of the information in a standardized
format. The producer will be required to certify that the data package is
correct.

6.1.3 Labeling and_Coler Coding

Requirement

The waste package (drum, canister, container) shall be labeled in code
with characters at least 8.75 ¢m in dimension and 17 mm thickness that contrast
with their surroundings to uniquely identify the contained waste and provide
a means of relating it to the records supplied prior to the arrival of the
waste. The character sequence shall signify the Waste Source (code must include

sufficient information to uniquely identify each package; TBD) and the surface
dose rate.

The waste canister shall be consistently color-coded, with two, 2-inch wide
bands around its diameter or width, to identify the surface dose rate. Coding
shall be as follows: <10% R/hr (white/blue), 102-10% R/hr (white/yeilow),

103-10* R/hr (white/orange), >10* R/hr (white/red). The color bands may be
painted, etched, affixed by a separate color band, or applied by other suitable
means.

The label and color code shall not adversely affect the performance of
the canister, shall remain permanently affixed, shall be made of a non-
interacting material, and shall have a minimum functional lifetime as specified
in the container durability criterion.

(a) Ross, W. A., et al. 1984.

- i i . Draft Report,
Pacific Northwest Laboratory, Richland, Washington,

I
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0j . f Labeli

This criterion is based on a number of sources within the waste management
program [Westinghouse (1984); DOE (1981): ONWI (1983a); Randklev, et al. {1983);
Ross, et a1.(a)] and are applicable acceptance requirements throughout the waste
management system. Package identification is necessary for material management
to assure traceability and satisfy quality assurance requirements.

The proposed character size is conservatively large (in comparison with
the sizes proposed by others) to provide easy identification by workers and
will provide visibility by the eye at 20' with vision of no more than 20/200.
Vision of 20/200 is defined as that necessary to identify characters 8.75 cm
in dimension with a thickness that subtends an arc of 16 minutes of angie
(17 mm). These size specifications provide a basis for relating the character
size to the vision necessary for identification.

It is anticipated (by inference to identification and information
requirements for spent fuel promulgated in Appendix E of 10 CFR 961) that
identification and other information requirements will be needed for Tabeling
containers of non-fue)l waste. This subject matter is also addressed in 10
CFR 60 for HLW, as follows:

A label or other means of identification
shall be provided for each waste package. The identification shall
not impair the integrity of the waste package and shall be appiied

in such a way that the information shall be legible at Teast to the
end of the period of retrievability. Each waste package
identification shall be consistent with the waste package's permanent
written records."

The proposed labeling is consistent with these other labeling requirements.

D i f Color Codi
To assure appropriate waste handling and the safety of personnel, radiation

levels of the waste canisters must be established. Once the radiation levels

of the packages are estabiished and coded, unnecessary reevaluation will be

eliminated. Regulations appiicable to operators handling these wastes require

(a) Ross, W. A,, et al. 1984, Draft Acceptabjlity Specifications for Dispesal
F High-Level Waste Solidified ; licate G

- ili . Draft Report,
Pacific Northwest Laboratory, Richland, Washington,
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that the whole body dose to personnel not exceed 5 R/yr and that radiation
exposures meet ALARA requirements.

Personne!l exposures from operations will depend upon the radiation dose
from each waste canijster, the designs of waste handling of facilities, and
the handling procedures. Relatively high dose rate wastes may be strategically
positioned to take advantage of shielding from other waste packages. In
general, segregation of wastes with high dose rates may be necessary to allow
maximum freedom for personnel access that is consistent with acceptable levels
of dose accumulation as well as minimizing exposures. Color coding will provide
a visual warning to alert personnel of the magnitude of the hazard as well as
to quickly identify the correct location for waste emplacement.

\ ing Compli
Detailed specifications on appropriate labeling and color-coding

requirements are expected to be established by the DOE. A standardized system

of labeling and color-coding should be developed to ensure compatibility of

waste canister identification systems among the various facilities of the

waste management system. Accelerated durability testing of alternative labeling

and color-coding concepts may be necessary to assure their expected lifetimes

in a repository environment are consistent with the stated requirements.

Producers will be required to use approved concepts for application of labels

and color-coding to waste containers. Administrative controls are necessary

for assuring that accurate labeling and color-coding is applied to each waste

canister. For example, radiation dose rate measurements are required for

each waste canister, The appropriate color-coding should be applied to the

waste canister as soon as practical after the dose rate is measured. This

will help to assure that the color-coding applied to each waste canister is

accurate.

6.1.4 Maximum Dimensions, Weight, Geometry Requirement

Requirement

For receipt at a repository, non-fuel waste shall be packaged within
standardized cylindrical steel canisters. Maximum external dimensions of the
canisters shall be approximately 66 cm 0D by 450 cm tong (26" OD x 180" long).

6.10



The maximum weight of loaded canisters shall be approximately 6,000 kg
(13,200 1b).

0 .

The purpose of this requirement is to ensure that waste generators produce
waste canisters that are compatible with the repository receiving and hand]ing
facilities. Current plans include the potential for shredding spent fue]
hardware into drums. The most commonly used type of drum is the 55-gallon steel
drum. For this reason, the waste canister is sized to accommodate stacked
55-gallon drums within the canister. This packaging would be accomplished prior
to delivery to the repository. Alternatively, non-fuel waste may be loaded,
with or without treatment, directly into the larger waste canisters. Use of
standardized waste containers will increase handling efficiency at the
repository, and possibly improve storage efficiency. The canisters of non-fuel
waste will be remote-handled and must be lifted from the top to be compatible
with waste handling facilities. Thus, the maximum canister height must include
an allocation for a lifting device.

The maximum allowable dimensions and weights of waste canisters were
obtained from DOE (1984) and from reviews of repository and MRS facility
designs. The review indicated that the designs of waste handling facilities
are not far enough along to provide firm details on sizes and capacities of
waste handiing equipment. A review of the MRS facility design indicated that
the maximum allowable weight for canisters and drums is 5,000 kg (11,000 1b)
and 637 kg (1,400 )b), respectively, and the maximum dimensions for canisters
and drums is 61 cm 0D x 450 cm long (24" OD by 180" long) and 61 cm OD x 92 cm
Tong (24" 0D x 36" long). It is assumed here that the canister OD can be
increased to 66 m (26 inches) to allow accommodation of 55-gallon drums.

Assuring Compliance

The designs of the MRS facility, repository, and waste producers must be
coordinated. Additional research is needed to establish the most cost-effective
canister design. After this is done, all waste generators can be required to
use canisters of the established size.
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Administrative controls and control of purchase orders is all that is
deemed necessary to ensure compliance with this specification. The control
of purchase orders, including surveillance of vendors and their supplies,
will be performed by the waste packager. All waste canisters will be inspected
at the source or upon receipt of the waste packaging facilities. The
surveillance procedures and results as well as the results of inspections of
the waste canisters will be documented. These procedures should ensure that
waste canisters meet the applicable specifications.

6.1.5 Handling Features
Requirement

Remote-handled waste canisters of non-fuel waste shall be provided with
a standardized axial 1ifting pintle whose design has been approved by the
receiving facility and the waste producers or packagers,

D .

Remote handled wastes must be handled when they are within
specially-designed shielded hot cells, transfer casks, or transportation casks.
This equipment will only handle standardized waste canisters because of
difficulties in repetitively changing connectors and handling attachments,
e.g., handling attachments on cranes, in a remote environment.

Remote handled waste facilities will be designed to handle the waste
canisters in a vertical orientation; also, conceptual designs of transfer
casks and transportation casks typically incorporated top-loading features,.
Thus the canisters must be designed to be lifted from the top. This has been
accomplished in the past through incorporation of an axial lifting pintle. The
1ifting pintle should be of a standardized design that is used throughout the
waste management system, i.e., waste generators, MRS and repository facilities.
This would preclude the need for several different 1ifting attachments for
remote-handled canisters at these facilities. Therefore, MRS and repository
operators will require waste generators to provide remote-handled waste
canisters that are compatible with their 1ifting equipment. Canisters for all
types of remote-handled wastes, including spent fuel, HLW, and TRU waste should
incorporate the same design of 1ifting pintle. Furthermore, coordination of
the design of the waste package and the designs of the waste handling systems,
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i.e., at the MRS facility and repository, should be undertaken to ensure that
no mismatches occur.

) ina_Comoli
It is anticipated that repository operators will issue detailed
specifications regarding lifting attachments and waste canister handling
features after detailed designs of the facilities are completed. Alternativeiy,
waste producers may generate their own designs which would then be subject to
review and approval by the DOE and waste producers/packagers. At this time,
these specifications have not been developed. After the specifications are
developed, it will be the responsibility of the waste generators to ensure that
their waste canisters are compatible with the repository handling facilities.

Waste generators are expected to obtain fabricated waste canisters from
gualified vendors. Administrative controls and inspections of the vendors
and their products are needed to ensure that these requirements are met. The
waste generators will perform surveillance audits and will visually inspect
each waste canister. The inspections may be performed at the vendor's facility
or at the waste generator's facility. The results of the surveillance audits
and inspections shall be documented.

6.1.6 Surface Dose Rate

Requirement

The radiation level of a canister of non-fuel waste shall not exceed a
gamma surface dose rate of 1 x 105 R/hr.

Di .
The purpose of this requirement is to define the maximum radiation level

for which shielding and handling equipment must be designed to assure personnel

safety. Although the radiation level for non-fuel waste (hardware, cladding,

etc.) associated with the spent fuel is not expected to approach that estimated

for spent fuel, potential volume reduction techniques for these components

will concentrate the waste and increase radiation doses. It is important

that these doses do not exceed the safety design basis of the facility.
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The waste acceptance requirement in this area is based on the waste type
that is expected fto deliver the highest radiation dose rate to the repository.
Current plans call for disposal (and/or interim storage) of spent nuclear
fuel, which will be the highest dose rate material received at the repository.

The reference spent fuel waste package conceptual designs for salt and tuff
include inner canisters that contain the rods from 6 PWR or 18 PWR assemblies
(Westinghouse 1983b and 1983c}. The gamma surface dose rate of these canisters
is estimated at approximately 1 x 10+5 R/hr. These canister capacities are
approximately two times the capacities of the inner canister of the reference
basalt waste package (Westinghouse 1982) and the design criteria for the
potential MRS facility where consolidated canisters include the rods from
either 3 PWR or 7 BWR assemblies. {However, the MRS FDC {PNL 1984) indicates

that shielding design will be based on a maximum surface radiation level of
1 x 10° R/Ar).

The radiation intensity is based on PWR fuel with an initial uranium
content of 0.46 MTU, a 3.2 wt% enrichment, and an exposure of 33,000 MWd/MTU
and BWR fuel with an initial uranium content of 0.19 MTU, a 2.75 wt% enrichment,
and exposures of 28,000 MWd/MTU. The assemblies are assumed to be ten years
out of reactor., The gamma radiation intensity represents a preliminary
acceptance requirement, and is subject to change when results of detailed
analyses of the waste management system determine the most cost-effective
configuration for spent fuel. However, this intensity is believed to represent
a reasonable approximation of the upper radiation dose rate limits for the
designs of waste handling facilities.

Assuring_Compliance

The waste producer will be required to certify that the surface dose rates
of their waste canisters are below the acceptabie limits. This can be
accomplished by a combination of administrative controls and nondestructive
tests. Administrative controls will track the contents of each canister as
it proceeds through the waste producer's facility. Surface dose rate
measurements will also be taken prior to the release of each waste canister
from the producer's facility. The purpose of these measurements will be to
determine compliance with the above criteria, to obtain the information needed
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for the Data Packages, and to facilitate color coding of waste canisters.
Measurement equipment must be maintained in accordance with an approved
calibration and maintenance plan.

6.1.7 Surface Contamination

Requirement

The level of radiocactive contamination on the external surfaces of non-fuel
waste canisters shail be kept as low as practical but shall not exceed 220
disintegrations/min/100 cm2 for alpha activity and 2,200 disintegrations/min/100
cm2 for beta-gamma. The method of measuring surface contamination levels
shall be equivalent to the methods presented in 49 CFR 173.443.

Discussion

The external surfaces of waste canisters are often contaminated with low
levels of radiocactive materfals. This radiocactive contamination is difficult
to avoid completely in a waste production or waste handling facility. Allowable
surface contamination levels for shipping containers for off-site transport
are specified by the Department of Transportation (DOT) in 49 CFR 173.,433.
0OT considers these levels adequate for transportation., These limits are
stated in the requirement above and will not be repeated here.

The non-fuel waste canister to be shipped to commercial waste storage or
disposal facilities will be handled using hot cells and shielded transfer
equipment. Therefore, surface contamination of these waste canisters is not
a direct problem. However, these facilities and components should be kept as
“clean" (i.e., free of radioactive contamination) as possible to permit hands-on
maintenance as long as practical and to prevent the buildup of contamination
within shipping casks. Therefore, the maximum surface contamination levels
of non-fuel waste canisters should be kept at or below the DOT Timits.

; ing Compli
The waste producer and/or packager will be required to measure the
removable (nonfixed) surface contamination levels of waste canisters before
they are placed in a shipping cask for off-site transport. Procedures for
measuring surface contamination wiil require smear sampling of the external
surface of the waste canister as described in 49 CFR 173.443. These procedures
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as well as the results of the measurements must be documented. The performance
of the measurement procedures must be in accordance with an approved quality
assurance plan. The results of these measurements must aiso be documented

and the appropriate information must be recorded in each waste canister's Data
Package.

6.1.8 Canister Durability

Requirement

Non-fuel waste canisters shall meet the requirements in 49 CFR 173
specified for a Type A package at the time of production and for a minimum of
110 years in air storage.

0i .

The purpose of this requirement is to ensure that waste packages remain
intact without showing indications of significant degradation (e.g., extensive
external corrosion, visible failure of seal or container, contents spilled).
To avoid having to repackage or overpack non-fuel waste canisters prior to
repository disposal, the waste packages should remain intact during maximum
potential producer {10 years) and MRS facility (100 years) storage. Routine
overpacking or repackaging will be prevented if the functional 1ifetimes of
waste canisters exceed these storage periods. Both the effects of air storage
and any potential corrosion mechanism of the canister materials, including
internal corrosion caused by the waste form, must be taken into consideration
when demonstrating compliance with this requirement.

This requirement does not specify that waste canisters must remain intact
for any length of time after emplacement at the repository. It is assumed
here that repository operators will repackage or overpack wastes in more durable
containers if waste packages are reguired to remain intact for a specified
period of time, such as through the retrievability pericd.

: ing Compli
Proposed canister designs which have not already been certified as Type A

shipping containers will be tested to show that they meet these requirements.

Laboratory testing could be done to determine the anticipated degradation

rate of each canister type in air storage. This information would be used to
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show that proposed canisters will meet the canister durability requirements.
Based on this information, the DOE or waste producer will establish appropriate
fabrication specifications for vendors that will be fabricating waste
canisters. The control of purchase orders, including surveillance af vendors
and their supplies, will be used by waste producers to certify that the waste
canisters are fabricated in accordance with the specifications. Limited visual
inspections of waste canisters fabricated by vendors will be performed by the
waste producer to jdentify potentially out-of-compiiance waste canisters.

6.1.9 Impact Resistance

Reguirement

Waste canisters shall remain leak tight (see Section 6.1,13) if dropped
a minimum of one canister-length onto an unyielding surface. The canisters
shall be oriented to produce the most severe damage during the drop.

Di .

The purpose of this requirement is to ensure that waste canisters can
withstand credible transportation and handling accidents without releasing
their contents. The specified drop height is based on the highest expected
1ift of waste canisters during handling operations. The highest 1ift is
approximately one canister length. This may occur if it is necessary to lift
one canister over another, e.g., when one canister is in lag storage in a
vertical position and a second canister must be lifted over it. In most cases
this will not occur because designs of hot cell facilities should provide for
recessed lag storage sleeves which protrude only a short distance above the
floor of the hot cell. 1In other words, most of the length of the lag storage
sleeve, and thus most of the length of the canister, is located below the
floor of the hot cell. As a result a drop height of one canister length is
considered to be adequate.

: ing Compli
Waste producers will be required to provide evidence that the waste
canisters they plan to use can meet these specifications. In general, the
producer will be required to produce experimental or analytical results that
support the acceptance of their particular canister designs. This may be done
by appropriate references to tests and analyses of waste canisters conducted
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by the DOE. If the canister design is determined to be acceptable by the DOE,
then that particular design will be considered acceptable for use. Thereafter
that particular waste canister design will be considered acceptabie if it is
manufactured within appropriate specifications and is undamaged.

The waste producer wiil be required to verify, by implementation of a
quality assurance program, that the waste canisters were fabricated in
accordance with their design specifications and within dimensional tolerances.
Administrative controls and control of purchase orders, such as inspection
and surveillance of vendors, will be necessary to ensure compliance with
fabrication specifications. Each waste canister will be inspected at the
vendor's facility and/or upon its receipt and after packaging operations at
the waste producer's facility. The surveillance procedures and results, as
well as the results of inspections of the waste canisters, will be documented.

6.1.10 Eire Resistance

Regquirement

Non-fuel waste canisters shall not be combustible and shall have sufficient
burst strength to withstand in 800C fire for fifteen minutes duration without
resulting in a breach.

Di .

There is a low probability that waste canisters will be involved in a
petroleum or electrical fire during transport and handling operations. Fires
could potentially cause waste canisters to fail due to overpressurization or
thermal degradation and could also contribute to the dispersal of contaminated
materials from a breached canister., Therefore, a requirement in this area is
needed to mitigate the effects of potential fires.

In the event of an accidental fire, the non-fuel waste canister must not
act as a means of fire propagation by adding fuel to the fire and must have
sufficient burst strength to resist a breach due to over-pressurization. NRC
transportation reguiations (10 CFR 71) require Type B shipping containers to
be capable of withstanding the effects of an 800C fire for 30 minutes without
releasing its contents. This particular choice of fire temperature and duration
is representative of an extremely low probability but credible transportation
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accident environment and considers the availability of fuel to sustain the
fire and the availability of resources to extinguish it. Because of the
interior location of the canister in the cask and because large quantities of
fuel are not expected to be stored near waste canisters at waste management
facilities and fire equipment is more readily available, the hypothetical fire
would not be expected to Tast as long. Therefore, a fire duration of fifteen
minutes is adequate and is in agreement with similar specifications for HLW
canisters presented in BMI/ONWI-521 (ONWI 1983a) and ONWI-462 (ONWI 1983b).

: ing Compli
The waste producer will be required to demonstrate the capability of waste
canisters to satisfy the fire resistance requirement. Results of tests or
calculations to show that this specification is satisfied shall include the
maximum internal pressure caused by the fire, and the maximum temperature of
the canister wall during the specified fire conditions. If a test is conducted
the integrity of the canister shall be verified by a Teak test. The leak
rate of the canister after the fire test must be at or below the maximum
allowable leak rate defined in Section 6.1.13. If a calculation is used to
verify compliance with the fire resistance specification, the burst strength
shall be assumed to be no greater than the yield strength of the canister
material at the maximum temperature. The results of these tests and/or
caiculations must be submitted to the DOE for approval before the canister
will be accepted for disposal. Alternatively, DOE may ultimately conduct
waste canister acceptance tests and analyses that could be referenced by waste
proeducers in the waste certification plan.

After approval of a particular waste canister design, administrative
controls and inspections of canisters fabricated by vendors are necessary to
ensure that this requirement is met. The administrative controls and inspection
requirements shall be described in the waste producer's waste certification
plan.

6.1.11 Maximum Temperature of Waste Canister
Reguirement
The maximum surface temperature of waste canisters fabricated of stainless
steel shall not exceed 375C and of carbon steel shall not exceed 250C,
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0i .
Thermal degradation of waste canisters may compromise their ability to
provide radionuclide containment, As a result, the maximum temperature of
waste canister materials must be specified. The two most common waste canister
materials are stainless and carbon steels, These two steels behave differently
and have different properties at elevated temperatures and so separate
temperature limits are established for each material. |

The surface temperature limit for stainless steel waste canisters is
375C based on information developed by Jenks (1977). At higher temperatures
(greater than 400C) during long-term storage in air, austenitic stainiess
steels exhibit an increased susceptibility to stress corrosion cracking. A
conservative temperature limit of 250C for carbon steels was chosen based on
information in Rahn, et al. (1984),.

\ ing_Compli
Waste producers will be required to provide evidence that the surface
temperature of waste canisters does not exceed the specified lTimits. This
could be done by analysis or by testing of a representative sample of
radioactive production canisters. The waste producer will be required to
describe the chemical and physical properties of the waste form and the expected
radionuclide content of waste canisters. This information could be used to
determine the thermal output of the waste form which could then be used to
estimate the surface temperature of the waste canister. The waste producer
would then be required to certify that the radionuclide concentration (which
determines the thermal output) of the waste form does not exceed the
concentrations used to calculate the surface temperature. The radionuclide
content can be estimated from surface dose rate measurements and conversicn
factors. Administrative controls are needed to assure proper application of
conversion factors.

6.1.12 Canister leak Tightness

Requirement

The leak rate of a non-fuel waste canister shall be less than 1 x 10~
atm-cc/sec for radionuclides, including fission gases, at a pressure
differential of 1 atmosphere at 25C.

7
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Discussion

The purpose of this requirement is to ensure the integrity of the canisters
at the time of waste form production. Canisters of non-fuel.waste (high
activity wastes) will probably have to comply with requirements that are similar
to those for HLW., This value is based upon the stated needs by Ross, et a1.(a);
Randklev, et al. (1983); and ONWI (1983a) for HLW canisters and are appropriate,
by inference, to other canistered materials. Acceptable Teak test procedures
are defined in ANSI N14.5-1977, “Leak Tests on Packages for Shipment of
Radioactive Materials." In this standard, finely divided particulate solids
are considered to have similar flow properties as water and at least 1 x 10'4
atm-cc/sec is considered water tight. This value is hased on ensuring that
the canister is better than water tight and that any outward leak of materials

will be sufficiently Tow to assure the safety of the operators and the public.

: ing Compli
Leak tightness of closure welds will be demonstrated by testing the
integrity of closure welds made during nonradioactive testing of the welding

method. The influences of welding parameters on the weld's performance can
be determined and these parameters monitored during actual radiocactive
processing to assure the quality of the closure. Leak testing of closures
made on radiocactive canisters should not be required except for demonstrating
on a limited number of production canisters that leak tightness requirements
have been met.

6.1.13 Quality Assurance
Requirement

The waste producer shall implement a quality assurance {QA) program with
respect to waste package production that is based on the criteria in 10 CFR 50,
Appendix 8. This requirement applies to all waste types and all potential
waste producers.

(a) Ross, W. A., et al. 1984. Draft Acceptability Specifications for Disposal

- i ili . Draft Report,
Pacific Northwest Labaratory, Richland, Washington.
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Discussion

The purpose of QA is to provide adequate confidence that the subsystems
and components of a facility, such as a repository, perform satisfactorily in
service. The performance of the waste forms and waste canisters is an important
aspect of the interim storage and/or geclogic isolation system.

NRC regulations in 10 CFR 60 indicate that the repository must implement
a QA program based on the criteria of 10 CFR 50, Appendix B. Consequently, the
waste producer will also be required to implement a QA program for all aspects
of waste production based on the requirements of 10 CFR 50, Appendix B.

Assuring Compliance

The DOE will be responsible for establishing QA programs that comply
with the requirements of 10 CFR 50, Appendix B for the repository. Waste
producers are responsible for establishing a QA program that addresses aill
aspects of their waste production and processing activities that are important
to safety. The NRC is the agency responsible for approving the QA programs.
In all cases the applicant (DOE or waste producer) must document the QA program
to be appiied to the design, fabrication, construction, and testing of the
structures, systems, and components of the facility. The applicant must also
include information related to managerial and administrative controls for
implementing the program used to assure safe operation. The description of
the QA program shall include a discussion of how the applicable requirements
of 10 CFR 50, Appendix B are satisfied. Approval of the QA program by the
NRC will constitute compliance with this requirement.

6.2 PROPOSED ACCEPTANCE REQUIREMENTS FOR WASTE FORM
The proposed waste form acceptance requirements for disposal of non-fuel
waste are presented in this section.

6.2.1 Thermal Qutput

Requirement

The maximum heat generation rate for each canister of non-fuel waste
received by a repository facility shall be TBD watts.
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0 .
The thermal output or heat generation rate of waste canisters strongly
influences the designs of interim storage and disposal systems. For example,
the thermal loading of waste canisters and the thermomechanical properties of
the repository host rock determine the minimum allowable canister spacing at
an MRS facility or in repository emplacement rooms, The heat generatfon rates
must be limited to ensure that temperatures reached in other components of
the disposal system (including other waste package components such as the
backfill or overpack container) do not significantly reduce their performance
capabilities. The specification will depend on the geologic medium selected
for the repository and repository design considerations as well as MRS handling
requirements.

At the repositories, engineering studies on waste configuration and
emplacement optimization will define acceptable thermal load values for each
candidate site, The MRS Functional Design Criteria (PNL 1984) specifies
1,650 watts as the maximum heat generation rate for canistered consolidated fuel
(PWR), 220 watts per linear foot for HLW, and by inference are applicable to
similar canisters of non-fuel waste at an MRS facility. Current heat generation
limits for spent-fuel containers are 2.2 kw for basalt, 3.3 kw for tuff and
6.6 kw for salt,

\ ing Compli
Administrative controls will be the primary method of assuring compiiance

with this requirement., It is assumed that the waste producers will track and

analyze waste streams, including sampling and laboratory analysis. Accurate

inventories of significant radionuclides contained in each waste stream will

be maintained. The heat generation rates of waste forms can then be calculated

from the radionuclide inventory.

6.2.2 Nonradicactive Hazardous Materials

Requirement

The waste form shall not contain explosives, compressed gases, or toxic
or other hazardous materials {as defined in 49 CFR 173) in an amount that
would compromise the function of the waste package or the performance
objectives.
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0f .
Requirements related to a number of nonradiocactive materials are considered

separately in this document because of considerations unique to the subject

matter of each. Discussions concerning these materials are not repeated here,

Adding nonradiocactive hazardous materials to waste streams for disposal is

not allowed. This is primarily because the repository is not designed to

mitigate the unique hazards of such materials. It is expected that such

hazardous nonradioactive materials will be disposed of, where possible, by

other means (e.g., shallow land burial).

The requirements stated below were specified in 10 CFR 60,135 for HLW
and, by inference, are applicable throughout the waste management system:

¢ "Packages for HLW shall be designed so that the in-situ chemical, physical,
and nuclear properties of the waste package and its interactions with
the emplacement environment do not compromise the function of the waste
packages ..."

e The waste package shall not contain explosive ... or chemically reactive
materials in an amount that could compromise the function of the waste
packages ..."

s The design criteria shall incliude but not be limited to consideration of
the following factors: oxidation/reduction reactions, corrosion, gas
generation, fire and explosion hazards ..."

: ing Compli

Administrative controls are needed to provide training to operators to
quard against the disposal of nonradioactive hazardous materials in the waste.
Administrative controls would include requiring operators to fill in a
waste-form checklist that describes the contents of each waste canister as
well as instructing them not to lcad such materials into waste canisters.
X-ray real-time radiography could be used as a backup method to verify the
effectiveness of the administrative controls,

The waste producer will be required to provide the chemical composition
for nonradicactive materials in wt. % for all components greater than 1%, as
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Oversby suggested in criteria developed for the NNWSI for such materials in
HLW (Oversby 1984), Samples from the product waste stream will be used for
these analyses, These data will be used to show that hazardous materials are
not in the waste form or in the free volume of the canister,

6.2.3 Pyrophoric Materials

Requirement

Pyrophoric materials within the waste package shall be rendered safe by
mixing with chemically and physically stabie materials.

Di .

Pyrophoric materials {(as defined in 49 CFR 173 Subpart E) are those that
may ignite spontanecusly under ambient conditions of shipment or storage.
This could contribute to a breach of the canister followed by release of
contained radicactive materials and exposure of operating personnei and the
public to radionuclides in the waste form,

Zirconium from spent fuel hardware, if in the form of small particulates,
is pyrophoric. Larger pieces of zirconium-containing materials are not
considered pyrophoric. However, provisions must be taken, by fixation, to
prevent metallic fines of zirconium from concentrating into pockets in the
waste package and becoming a fire hazard.

Regulatory guidance can be inferred throughout the waste management system
from current HLW design criteria presented in 10 CFR 60.135b, that states:

"The waste package will not contain ... pyrophoric materials or
chemically reactive materials in an amount that could compromise
the ability of the underground facility to contribute to waste
isolation or the ability of the geologic repository to satisfy the
performance objectives."

Recently, WIPP {Westinghouse 1984) draft waste acceptance criteria
estabiished a conservative 1imit of 1% for pyrophoric forms of radionuclide
metals (plutonium or uranium fines) distributed in a moderately homogeneous
manner in the TRU waste form., This is based on studies at the Rocky Flats
Plant 1974) that indicated that a thoroughly dispersed distribution of 3%
pyrophoric plutonium in plutonium oxide would not self-ignite.

6.25



) ing Compli
Presumably, the waste producers will be required to identify the physical
properties of the wastes they plan to dispose of at a repository and thus
will characterize in detail their waste streams prior to disposal. Any
pyrophoric materials that would be present in the wastes would be identified
at that time.If the waste producer determines there are no pyrophoric materials
in the wastes, treatment to render the pyrophorics nonhazardous would not be
required. Administrative controls would then be used to ensure that operators
do not load pyrophoric materials into waste canisters. If pyrophoric materials
will be present in the waste in amounts that would be hazardous, the waste
producer must define and describe in detail an appropriate treatment method
and provide evidence that treatment will render the material safe.
Administrative controls, process menitoring, and feed sample anaiysis would
then be used to verify that the composition of the waste form is within
acceptable 1imits and the danger of a pyrophoric reaction has been eiiminated.
Demonstration of the waste treatment process using nonradiocactive simulated
waste followed by destructive evaluation of the simulated waste form may be
used as evidence that the treatment process adequately mitigates the hazards
of pyrophoric materials.Destructive evaluation of actual radioactive waste
forms should not be required.

6.2.4 Free liquids

Requirement

The canistered materiais shall not contain any amounts of water or aqueous
solutions that could be drained from the waste canister or that would compromise
the integrity of the canister.

Di .
Zirconium is present in the hardware of spent fuel storage assembiies.
Internal gas pressure will be produced from the reaction of zirconium-cladding
material with water or water vapor and this must be minimized to prevent
potential overpressurization of waste canisters. Water will also provide a
mechanism for pressure buildup due to radiolysis. Residual water in waste
canisters could also contribute to waste canister degradation and brine
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formation and enhance the mobility of radionuclides. As a result, free liquids
in an amount that could be drained from a breached waste canister is prohibited.

; i ~omplian
Waste producers will be required to certify that their wastes meet the free

liquids requirement. Detailed characterization of the physical and chemical

properties of the as-generated wastes will be needed, including an assessment

of the free liquid content. Spent fuel consolidation operations are not

expected to introduce free liquids into waste canisters, although it is

possible. Therefore, administrative controls that specify that operators

shall introduce no free liquids into non-fuel waste canisters should be used

to certify that this requirement is met. X-ray real-time-radiography could

be used as a backup method to verify that free liquids are not present in

waste canisters.

6.2.5 Maximum Temperature of Waste Form

Reguirement

The maximum temperature of metallic non-fuel waste forms shall not exceed
the temperature at which thermally induced transformations will occur which
will significantly degrade the waste form's radionuclide release behavior.

D .
The purpose of this requirement is to help ensure the mechanical integrity
and radionuclide release properties of non-fuel waste forms, The Timit
identified in the requirement ensures that metallic waste forms will not be
significantly altered by heat generated by the encapsulated waste, Thermally
induced transformations would include phase changes that affect the mechanical
properties and/or specific gravity of the metals, a change of compositions of
a metal oxide, or a change in microstructure. The specified temperature limit
is below any temperatures where any significant physical or chemical changes
could occur. Also, the maximum temperature of the waste form must be below
the temperature that would produce a temperature at the surface of the waste
canister that exceeds the specified Timits (see Section 6.1.11).
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: ing Compli

The composition of a waste form could be determined from process
measurements, particularly from feed analyses. These analyses would include
determinations of the amounts and types of heat generating radionuclides.
With this information, the heat generation rate of the waste form could be
determined. With a knowledge of the thermal properties of the waste
form/canister the maximum expected temperature of the waste form could be
calculated. The waste producer would then be required to certify that the
radionuclide content of the wastes produced do not exceed the limits at which
an unacceptable temperature of the waste form would be reached. This could
be demonstrated by measuring the radionuclide content of each waste package
prior to releasing it for transport. Radionuclide content could be estimated
by measuring the surface dose rate and applying conversion factors that are
determined by the waste producer for each isotope or by processing waste
packages through gamma and neutron assay systems.

6.2.6 Canister/Waste Form Compatibility

Non-fuel waste canisters must meet the requirements specified for a Type A
shipping container as found in DOT transportation reguiations {49 CFR 173),
both at the time of production and after 110 years in air storage.

0i .
The purpose of this requirement is to ensure that waste canisters remain

intact without showing indications of significant degradation (e.g., extensive

external corrosion, visible failure of seal or container contents spilled).

To avoid having to repackage or overpack non-fuel waste prior to repository

disposal, the waste canisters should remain intact during maximum potential

producer (10 years) and MRS facility (100 years) storage. Both the effects

of air storage and any potential corrosion mechanism of the canister materials,

including internal corrosion caused by the waste form, must be taken into

consideration when demonstrating compliance with this requirement.

The DOT canister/waste form compatibility requirement is presented in 49
CFR 173.412. The regulation states that the materials must be physicaily and
chemically compatible with each other and that radiation effects must be
considered., This is important in the repository environment because any
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reactions (e.g., galvanic corrosion) could potentially reduce the leach
resistance of the metal waste form(s) or the structural integrity of the waste
canister.

This requirement does not specify that waste canisters must remain intact
for any length of time after emplacement at the repository; e.g., the
retrievability period. It is assumed that if waste canisters are required to
be overpacked for long-term corrosion resistance and structural stability,
the overpack (container) will be placed on the waste canister at the repository.
Therefore, the waste canisters are required to meet DOT Type A packaging
requirements until the time they are delivered to the repository. This could
be for as Tong as 110 years, including 10 years at the waste
producer's/packager's facility and up to 100 years at the potential MRS
facility.

\ ing Compli

Waste producers must present evidence to the DOE that the particular
waste canister they plan to use will meet this requirement. Proposed waste
canisters that have not already been certified as a Type A package, will be
tested to show that they meet these reguirements. These test results and
supparting analyses must be submitted to the DOT for review and approval.
Testing programs to certify waste canisters must consider the effects of
long-term {110 years) storage in air, including thermally-induced and
radiation-induced degradation of the waste canister materials. The effects
of internal corrosion caused by the waste form must also be considered.

Waste producers are expected to obtain fabricated waste canisters from
qualified vendors. Administrative controls and control of purchase orders is
all that should be needed to ensure these requirements are met by the
as-fabricated canisters. Surveillance of vendors and their suppliers, including
quality assurance inspections, should be performed by the waste producer,

The surveillance procedures and results as well as the results of inspections
of canisters will be documented.
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6.2.7 Leach Resjstance

Requirement

The average release rate of radicnuclides from non-fuel waste forms shall
bDe less than or equal to one part in 1000 per year as indicated by the slope
at 28 days of the MCC-1 leach test (Kuhn, Peters, and Simonsen 1983) performed
in deionized water. This requirement does not apply to any radionuciide which
is released at a rate less than 0.1 percent of the release rate limit.

D .
This requirement is needed to ensure that a minimum level of radionuciide
containment is provided by the waste form. This is needed in the event of a
preclosure accident involving a flood in the repository or a severe
transportation accident involving a body of water, or in the event of flooding
at the potential MRS facility. It is also needed to help ensure radionuclide
containment after the waste form is emplaced at the repository. Testing of
waste forms, which is implied by this requirement, is not meant to demonstrate
a repository-relevant radionuclide release rate. Demonstration of the
radionuclide release that will occur from a repository must be determined for
each candidate repository media as part of the site characterization process.

The release rate exemption for radionuclides with release rates less
than 0.1 percent of the release rate 1imit is based on the similar exemption
found in 10 CFR 60.113 {(NRC 1983).

Release rates of radionuclides can be limited by the solubiiities of the
radionuclides themselves, by mass transfer resistance in groundwater (e.g.,
sorption by the host geology) and/or by the rate at which they are leached from
the waste form. Solubility and mass transfer resistance will 1imit the release
rates of most actinides and many other radioisotopes from the waste package
(Kuhn, et al., 1983). Such releases will be several orders of magnitude lower
than the rate of release due to waste form leaching alone, and should easily
meet the NRC radionuclide release limit of Tess than one part in 105 per year
(10 CFR 60). The release of some elements, such as Cs, may be limited only by
the durability of the waste form. The 1imit set in this requirement of one part
in 1000 is based on the performance that could be achieved by cement or
borosilicate glass waste forms. Other engineered barriers and the repository's
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geochemistry will be available to further limit the release rate from the
repository.

Assuring Compliance

Testing of doped simulated waste form material will be performed to
demonstrate the waste form's leach rate in the MCC-1 test. This testing should
be performed with the purpose of qualifying the range of waste form
compositions, waste loadings, etc. which are anticipated from the process for
producing a particuiar waste form. The task of assuring compliance with this
requirement then becomes one of demonstrating that the material produced is
within the range of compositions which has been qualified. This would be
done through the use of process measurements such as feed sample analyses.

6.2.8 OQOrganic Materials
Requirement

Organic material shall not be present in the canister.

D .
Organic materials are of concern in a repository environment for the

following reasons:

1. organic materials are combustible

2. organic materials could cause formation of explosive concentrations of
gases or cause formation of sufficient quantities of gases that could
overpressurize the waste container

3. organic materials could enhance waste form leach rates and/or radio nuclide
mobility in the repository.

Organic materials are not expected to be a concern in the acceptance of
non-fuel waste because they are not present in fuel assemblies, control rods,
etc., and are not expected to be introduced into waste canisters during
treatment and handling operations. Certain decontamination agents are organic
and shouid be removed to the extent practical from the external surfaces of
waste canisters.

; ing Compli
Waste producers will be required to certify that their wastes meet the
organic materials requirement. Detailed characterization of the physical and
chemical properties of the as-generated wastes will be needed, including an
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assessment of the organic content. Spent fuel consolidation operations are

not expected to introduce organic material into waste canisters, although it
is possible. Therefore, administrative controls that specify that operators
shall introduce no organics into non-fuel waste canisters should be used to

certify that this requirement is met. A waste-form checklist could be used

to verify that organic materials are not placed in canisters.

6.2.9 Immobilization

Requirement

The waste form shall be immobilized in order to preclude radionuclide
dispersibility and inhalation after a waste container is breached during an
accident.

D .

Non-fuel waste are, in general, of such a form as to preclude any necessity
for immobilization. They are mostly metallic components. Any items, including
fines from machining or grinding operations or from pulverized dried crud
packaged with them must be evaiuated in order to determine whether they wil]
require any immobilization.

: ing Compli

Waste producers will be required to certify that their wastes meet the
immobilization requirement. Detailed characterization of the physical and
chemical properties of the as-generated wastes wil] be needed, including an
assessment of the dispersibiiity of the waste form. Spent fuel consolidation
operations may produce fines that could potentially require immobilization.
Administrative controls, including a waste-form checklist, could be used to
certify that this requirement is met.

6.2.10 Maximum Pressure, Volatjlity Limit, and Gas Generation
Requirement

Steps will be taken to ensure that a maximum internal gas pressure of 7

psig at 25°C will not be exceeded after closure.

0 .
The purpose of these three potential requirements is to prevent
overpressurization of waste canisters due to generation of gases. Gases could
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be released from the waste form due to radiolytic decomposition of water,
alpha decay, decomposition of organic materials, or release of volatile
radionuclides caused by elevated temperatures (e.g., in a fire}.

Assuming Compliance

Waste producers will be required to certify that their wastes meet these
requirements. Detailed characterization of the physical and chemical properties
of the as-generated wastes will be needed, including an assessment of the gas
generation potential. Spent fuel consolidation operations are not expected
to add volatile into waste canisters, although it is possible. Administrative
controls could be implemented that specify that operators shall introduce no
free Tiquids, organic materials, or other materials that could generate gases
into non-fuel waste canisters. X-ray real-time-radiography could be used as
a backup method to verify that these materials are not present in waste
canisters.

6.2.11 Critjcality Safety
Requirement

The canistered waste form shall remain subcritical (<0.95 keff) under
all credible conditions that might be encountered, after allowance for bias
in calculational method and uncertainties.

Discussion

A requirement in this area is needed for other waste types, such as spent
fuel, HLW, and TRU waste, to ensure that any assembly of canisters or waste
packages remains subcritical during storage, transportation, and disposal.
Criticality must be prevented to protect the health and safety of waste handling
personnel and the public. However, non-fuel wastes do not contain fissile
materials in any significant concentration,

; ing Compli
Waste producers will be required to certify that their wastes meet the
criticality requirement. Detailed characterization of the radionuclide
properties of the as-generated wastes will be needed, including an assessment
of the fissile material content. Administrative controls that specify that
operators shall introduce no fissile materials into non-fuel waste canisters
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should be used to certify that this requirement is met. X-ray
real-time-radiography could be used as a backup method to verify that fissile
materials are not present in waste canisters.
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APPENDIX A

10 CFR 61.55 EXCERPT

This appendix contains all of paragr‘aph 61.55 of 10 CFR 61, It is titled
Waste Classification and includes the Tables I and II referred to in text of
this report as well as other information relating to the classification
requirements for low level wastes.
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Appendix A

M%wm

446150 Wasia clasifiemlion.

(a) Classileation of wasis for nenr
suriace dispoasl.

(1} Considerations. Determination of
the classiflcation of radioactive waste
invoives two considerationa. First, con-
stderation must he glven to the con.
centration of long-lived radionuclides
(and their shorter-lived precursors)
whose potential bazard will persist
long after such precautions as institu-
tional controls, improved waste form,
and desper disposal hiave ceased to be
sffective. These precautions delay the
time when long-lived radirnuclides
could cause sxposures. In addition, the
magnitude of the potential dose i3 lim-
ited by the concentration and avail-
ability af the radionuclide at the time
of empasure Second, consideration
must be given tn the concentration of
shorter-lved radlonuclides for which
requirements on institutional controla,
waste form, and dispoasl methods are
effective.

(2 Classes of weate (1) Class A waste
{x waste that is usually zegregated
{ram other waate clatses at the dlspos-
al site. The physical form and charse-
teristics of Class A wmste must meet
the minimum requirements set forth
in §61.55a). If Closs A waste also
meets the stability requirements set
forth in §81.56(D), it is DOt necesIATy
to segregets the wasta for dlxposal

(i) Class B waste 1x waste that must
mest more rigorous requirementa oo
waste form to ensure sabilliy after
disposal The physical form and char-
acteristicn of Class B waste must meet
both the minimum and stability re-
quirements set forth in § $§1.58.

tiil) Class C waste is waste that not
oniy must meet more rigorous require-
ments on waste form to ensure stahll.
ity but also requires additional meas.
utes at the disposal facility to proiect
againm  |nadvertent intrusion. The
physical form and characteristics of
Class ¢ wasis must meet both the
minimum and stability requirements
set forth in § 61.56.

(I} Waate that is not generally ae-
ceptable {or near-surface disposal lx
waste for which waste form and dis-
posal methods must be different. and
in general more siringent. than those
specitied for Claza C waste. In the ab-
senee of speciflc requirements [ this
part, proposals for disposal of thix
waste may be submitied Lo the Com-
mizsion f{or approval, pursuant o
§ 61.58 of this part.

(3t Classification determined by
long-lived radionuciides. If radioactive
waste contains only radionuclides
listed int Tabie 1, cimeaification shall be
determined as follows:

(1} 1! the concentratlon does not
sxceed 0,1 times the value In Table I,
the wame {3 Clas A

(it) 1f the concentration exceeds 0.1
times the valua in Table I but doea oot
exceed the value i Table 1. the wams
ls Clasa C.

(Ui) Lf the concentration exceedn the
value In Table 1, the waste la not gen-
ernlly acceplable for near-surface dis-

(iv) For wastes contalning otixtutes
of radionuclides liated Ln Tahte ). the
total concentration shall be decer-
mined by the sum of frartions raje de-
scribed Ln paragraph (aX7) of this see-
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(4) Classificatlon determnined by
short-lived radionuclides, 1f radiose-
tive waste does not contain any of the
radionuclides listed in Table 1, classifl-
cation shall be determined based on
the concentrations shoen in Table 2
However, i3 specified in pafagrsph
(a8 of this sectlon, U radicactive
waste doem not contaln any nuclides
listad o either Tabla 1 or 2, it is Class

) If the concentration does not
exceed the valus in Column i, the
wiate | Class A,

Ly If the concentration exceeds the
value In Column 1, but does nct
exceed the wvalue in Column 2. the
waste is Class B,

(11} If the concentration sxcesda Lhe
value {n Column 2, hut does not
exceed the value ln Column 3. the
waste s Class C,

v} If the concentration exceeds the
value in Coalumn 3. the woaate 1 not
generally acrepiahie for near-surf sce
dispasal

(v} Por westes containing mixtures
of the nuclides listed in Table I, the
total eopcentration shall be deter-
minad by the sum of [ractions rule de-
scribed | paragraph (axT) of thla sec-
tion.
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(5) Clasalfication determined by
both long- and short-lved radionu-
clides. [f radloactive waste contalns a
mixture of radtomuclides, some of
which are llsted o Table 1. and some
of which are llsted In Table 2, claxaifi-
eation shall be detsrrained ag {ollows:

{) I the concentration of a nuclide
listed n Table 1 does not exceed 0.1
tirney the value llsted in Table 1. the
claas shail be that determined by the
concentration of nuclides llsted In
Table 2.

N It the concentration of a nuclide
listed in Table 1 exceeds 0.1 tmea the
vajue lsted In Table 1 but does not
exreed the value in Table L, the waate
shall be Clasx C, provided the concen-
tration of nuclides llsted in Table 2
does not exceed the value showm n
Caiumn 3 of Table 2.

(6) Classification of waytes with ra-
d¢ionuclldes other than those llsted in
Tables 1 and 2. If radipactive waate
does not contain any rivclides listed in
either Table 1 ar 2, it is Claax A

(T) The sum of the {ractions rule for
mixtures of radionuclides. For deter-
mining ciaasiflcasion for wasta that
contains a mixture of radionuclides, it
ig necezsary to determine the sum of
fractions by dividing each nuclide’s
concentration by the appropriate limit
and adding the resulting values. The
appropriate limits musy all be taken
from the same column of the same
tahte, The sum of the fractions for the
column must be legs than LG [ the
waste class is o be determined by that
column. Example: A wasts containa Sr-
90 In a conecentration of 50 Cl/m” and
C3-137 In a concentraton of 22 Cl/m>
Since the concantrations both excewsd
the values in Column i, Table 2, they
muat be compared to Column 2 values,
For Sr-90 {raction 30/150=0.33; for Cs-
13T frastior. 22/44=0.5; the sum of
the fractiona=0.33. Since the sum [
lesa than 1.0, the waste is Class B.

(8) Determination of concentrutions
in waster ‘The concentration of a radl-
onucllde may be determined by [ndl-
rect methoda such as use of scallng
fartora which relace the tnferred con-
centration ¢f one radionuctide to an-
other that is messured. or radionu-
clide marerial aceountahility, if thers
l3 reasonable assurance thal the indi-
rect methods can be corTelated with
actual measuremernts. The concentra-
ton of a radionuclide may be averaged
over the volume of the waste., or
weight of the waate if the unita are ex-
pressed as nANOCUries per gTam.
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APPENDIX B

This appendix contains a series of figures and tables presenting ORIGEN2
calculational results estimating decay heat and radioactivity levels in the
non-fuel components of PWR and BWR spent fuel assemblies.

Figures B.1 presents the decay heat due to non-fuel components of PWR fuel
assemblies from 1 to 10,000 years after irradiation. The fuel assemblies
were exposed to 33 GWD/MTU over 1100 days. Figure B.2 presents the decay
heat due to non-fuel components of BWR fuel assemblies exposed to 28 GWD/MTU
over 1460 days. Figure B.3 presents the decay heat due to BWR Cruciform exposed
to 28 GWD over 1460 days.

Tables B.1 through B.3 present the radicactivity in the non-fuel components
of PWR spent fuel assemblies exposed to 33 GWD/MTU over 1100 days. Table B.4
through B.9 present the radioactivity of the non-fuel components of BWR fuel
assemblies exposed to 28 GWD/MTU and cruciform components exposed to 28 GWD
over 1460 days.

B.1



WATTS/MTL

1000 3 GRIDS/SPRINGS/ETC.
B 0
100 & a END FITTINGS
: o :
| Q a
10 . TOTAL
.w : -
1 3
PN &)
0.1} R
: O
. FaN
0.01 b ° o o
{) 00 1 1 I T T R I B SV DA S SR TR T T S 2% S [ T T T S ST ST RN S TR SRUUS SR O S S O O
1 3 10 30 100 300 1000 3000 10, 000

YEARS AFTER IRARADIATION

Figure B.1.  Decay Heat Due to PWR Non-Fuel Hardware Exposed to 33 GWD/MTU
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Radioactivity in PWR Fuel Assembly Grids, Sleeves and Other Components
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Table 8.9. (cont'd) Radioactivity in BWR Upper Pins & Rollers
Curies/MTU
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PTIGTH 1. 0I18E-13 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 .0
AUL98 1. 314E-13 0.0 0.0 0.0 0.0 0.0 o.0 0.0 0.0 .0 0.9 ¢.0
AUISS 2.225€E-14 0.0 0.0 0.0 Q.0 0.0 0.0 0.0 0.0 0.0 [ ] 0.0
AUZOO 5 I04E-18 0.0 0.0 0.0 0.0 0.0 0.0 0.0 [ ] [ ] 0.0 9.0
HG I199M 5.152E-18 0.0 0.0 0.0 0.0 Q. 0.0 0.0 .0 ¢.0 6.0 Q.0
SUMTOT 5.912E+03 1.874€+03 1 H840E+03 1. JOSE+03 5. T25E+02 {.S37E+02 3 04%5E+00 5 B20E-02 | 209E-02 7.0359FE-04 8 924E-04 O 516E-04
TOTAL 9. 912E+03 1.871E+03 1 B40E+03 1, 105E+03 5 _T25E+02 1 S37E+02 3 . 045E+00 5. 6G20E-02 1. 209E-02 7 .B29E-04 6 924E-04 B.51BE-04
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APPENDIX C

Figure C.1 presents the decay heat in one cubic meter of each of the

representative alloys exposed to 33 GWD in a PWR core over 1100 days.

Figure C.2 presents the decay heat in one cubic meter of each of the

representative alloys exposed to 28 GWD in a BWR core over 1460 days.

C.1 through C.6 present the radioactivity levels for the same three
representative alloys on similar basis as the figures.

C.1

Likewise,

Table
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Radioactivity in Zircaloy-4 Exposed to 33 GWD in PWR Core
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Table C.5. (cont'd) Radioactivity in Stainless Steel-304 Exposed to 28 GWD in BWR Core

Curies/m
OUTPUT UNIT = 1] PAGE a6
+BWR, 2.5 W/0 ENRICHMENT, 28 GWD/MT iM++3 S5-304 IN-CORE ACTIVATION PRODUCTS
POWER= 1.91B00Er01 MW, BURNUP= 2 S000GE-+O4 MWD, FLUX= 1.B5E+ 14 M/CM+e2-5EC
7 SUMMARY TABLE: RADIDACTIVITY, CURIES
METRIG TON URANIUM METAL AS LOADED
DISCHG. ¥R 2 YRS 5 ¥RS 10 YRS 20 YRS 50 YRS 100 YRS 300 YRS 1000 YRS 2000 YRS 10000 YRS
MOIO 2.783E-13 0.0 6.0 0.0 0.0 0.0 0.0 0.0 a. 0 a.o 0.0 6.0
TC 98 1.18BE-IQ |.IABE-19 |.18BE-19 1. .I66E-I& {1 t88E-19 1.{BBE- 19 1.188E-19 {.1BBE-19 1.168E-19 1.9180E~19 |.187E-19 {.18BE- I8
¢ 98 {1 SO04E-12 |.%33E-12 (. %33E-12 + . %33E-12 1 .833E-12 1.533€E-12 1. B3I3E-12 1.832E-12 1.5S31E-12 1 .52BE-12 | .S18BE-12 | . 4B4E-12
¢ 1040 2.790E-08 0.0 9.0 0.0 0.0 0.0 0.0 0.0 0.0 .0 0.0 0.0
TC10) 2.783E-13 0.0 0.0 0.0 0.0 0.0 o.0 0.0 Q.0 Q.0 0.0 0.0
RU10J J.09JE-I8 J.534E-19 0.0 0.0 0.0 Q. 0.0 0.0 0.0 ] 0.0 0.0
SUMTOT 2.6B7E+07 2 . G881E+O08 2 0B2E:08 t . O54E+08 1 QB1E+Q5 (.029E+05 3 B43E104 2 455E+04 H.B47E+03 5 . 353E+02 4 .842E+02 ) B53E+02
TJOTAL 2.6B7E'07? 2.8B1E+0Q8 2 .0B2E+DB 1 .054E+08 3 . QBIE+Q5 1.029E+05 3 B43E104 2 455E+04 5 B4ATE+03 5 . 353E+02 4. 042E+02 3 _653IE+02






(14

PAGE

DUTPUT UNIT

3

Radioactivity in Zircaloy-4 Exposed Lo 28 GWD in BWR Core
Curies/m

Table C.6.

ACTIVATION PRODUCTS

8 IM-CDRE
4 N/CM++3-SEC

[T =]

IMe+] TI1R

. BQO00E + 04 MW

2.6 W/D ENRICHMENT, 28 GWD/MT
i.91600E+01 MW, BURNUPs 2

+BWR
POWE

100 YRS 300 YRS 1000 YRS J000 YHS 10000 YRS

¥RS

S0

T SUMMA
¥R

DISCHG.

© a 1) o ™ m -+
a a — a ™~ ™ -
L3 + __ 1 L} L} 1
w oo ™ w w w
=] a oo n ? e 9
o —— (-] -]

00000300000000000000000110000‘0000000000000000000500

=3 =] -—— L+ ] -+ ] -
[=] [=] —— = - ™ -
L} - [} 1 1 1 L}
- - Lk - W [m [
~ - et - - L] 9
..} oo @

Q a - ] o~ e -
a a - a M -
1 - [ 1 L} LI I 1
[ w A had [ had
& o Q- - 2 E ) 9
a oo Lt -

o - T oo ] - mero -

— =] o —— o - - -

L} L} - o L} 1 [ | "

wl -l ol Ll w ] ik o L o

o g o g2 ] - aro @
L +] L-1- 1]

n -] a ao -} - T et

a a a - a [ -

r 1 - LI ] 1 L} a1 1

ad [ w Wi -t e wi

3 0 -~ e -] 2 uit~-m 9
1] U700 -] =~AT

20000‘0000000000000000033oo0020005080500000000000500

- o - Qo -] Q oMo hd

= o -] - a - e — -

] L} - i L) LI R | 1
w w w b w kb .

= O 2 0' 0 o6 A3 9

< A oOPRo
0000040ooooooooooooo0““44000020000090900000oouoousuu

NMOOOOMOO— 0000000 RORSOOONNOCOCOROOO—C—I0—-000000RRQ0oCNoo
™ -] - L-1-] -+ @D S om™mo -] hd

o a o - N O - —Cy— -— -

1 ' - [ ' ' ' [ |

aad [ ad wiw i dad o -l [

;| 0 5 - 0 0 ~ ke 2 9

-] Do £ DD

0oo0040000000000000000055003020°0t°50500900000000500

n o - co o o & oMo o " -

° a & -_— - a - = & - b

L} L3 + LI 1 1 L [ I 1] 1 1]

[ w w L bl d w 0 b L w (7] [TT)

5 8 2@ o - ® Gm= I O 2
- E T - oM @ O

|0000200'0uooo00o0oo000220070?000'04540030'000000500

™ o - o0w O © T o DMD Q M~ hd

Q -] L= —— 3 9 L Rl Rt o o -

L] L) - LI I S L] i1 L ]

w w w W W W W W wow "]

- [-] 7 N = - |4 a9 m - 9
Q o000 & -y - o @

50000400000ooooooooo00036002020072090900?0'000000500

[} L] - oo— ™M @0 o OMno + M hd
@ a a —_——a a ——— - - a o -
1 ' + (! ] ] i P ' . '
ol (] [T Wl W W il W i
' o B - = = Ll g} 5 9 9

——y] ] L L ol

MAaOSOoONOCO=00000000000oCoOMNOSH OIS =oNBnaooonocodooneo

™ hy QUL o @ =0 DM |- -
=] L= =] =00 O O — - = -
) L} Ed [ [ LI | LI | 1
E w W Wi W Ml oW w
L] 2 ﬂ [wlyh 4 4 - 57 =0 9 5 g
-] = —on Thw

l00o040000000oo0000000055502020072030300800000000500

300002001000000000000002&'0'0700||°5°500301000000500

=D ONDDOMNO=ANAD =S MN==NON QO OFIRD T OSSO -—FOwMO
000 ooOno000000—0200000 - A2 0RoQQRe=0=-NOOOOC0O000000—00
N I R T T T T e T S e e R B T T I B S B S B T I

il il Skl L Wl ) A L A ok o ol L L ] e d
147?905|8387942‘5ao2?ﬁaﬁafiiii‘?004377?649755433795'
YOO nS=ONSC0O=0qM =M= OO YONUNNRCOTI YO =vyONDH 0
3224'4490!75?493240525952943825732?403‘8302'5323955'

MOT TN = RNAMNN == =GN0 MNIN =N DM OO AN — NN MM U ST —

E = £
MYl D0o=HyNDASMN T TUIDORC=NCI TN OGT~A—NO TN QOO OoO -0 o
ettt L L L B L Do T T Lo Lo R Lo Lo R Lo Ly R L B R DB e i i e i i fhd  HL T2 1o TP R ]

ET WO ECL WA D amad ==l bt el E XA A0 =
I Jmm EZZZEIT < AN 0 G o A COUWVUIWnLIE-

€.27



ai
10000 YRS

PAGE

LOOD YRS 2000 YRS

ACTIVATION PROOLCTS

]
300 YRS

L3
100 YRS

OUTFUT UNET

60 YRS

Curies/m3
L BSE+ 14 W/CMee2-SEC

IMer] ZIRG-4 WITH J20PPM NB IN-CORE
FLUX= 1

.B80000F +04 MWD,

(cont'd) Radioactivity in Zircaloy-4 Exposed to 28 GWD in BWR Core
2

20 GuWD/MT

RNUP =

Table [C.6.

2 5 W/0 ENRICHMENT
I wiBO0E-O| MW, BU

DISCHG .

+BWR,
POWER =

™~ o 24
o =] oa
v + - -
b wd e
ﬂ 5 80

R = (=1 )
20 -] [=1- ]
) - - -
b [ g Ly
T~ ﬂ am
[l ] L]

000000000000005‘00000000000000000000000030003'000000

e ™ L a 20

oo - - a Qo

o ' ' - - -

] L - t o d

14 - - - J4
] L]

000000000000000'00000000000000‘00‘00000090“0?3000000

000000000000006500000000000000‘00'000000300031000000

hd o u3 [';] =3 Qc

- L-1-J Q =3 o oo

. LI 1 L} - - -

L e L w ki b

B ot ™ -+ o 57
-4 Q =] L

00000000007000000ooooo00000000‘004000000‘000?‘000000

@ [2d M0 = ) 2 oo
Q = o9 =] = [~} [= 2=}
v 1 Ve v 3 - -
[ wd Lk e W W b
] - «ag I~ [ad [} -

™ ] _

COoOQUOOC=Ro=0000PwR00S0000000000MNMDOMNOO0000MO00M 000000

n ™ 2 Lol =1 [x) ] o [=4r]

- o -] L-1-] [a] =] o =] e

. ' * 1. : . f - ..

i ' w L L [ w kb kv

3 o 9 ) 9 T -] 3 39
il i d o

00oaoﬂ00oo000005nn000300000000‘00‘000000i00044000000

[ - ™ NOD (L] ™ N a a
- Q = 20 L] o Q o oo
' - - I ' ' - - -
ad t bl o w d e W s
W 9 2 39 - b ? e 25
- L] k-]

- Lol 42 ~o ) o ™ o e L= 2Rk
-] S - = 1- o - < - Q- [=2=R o
L} L AL I O L3N 3 ) LY * - oy
o N el L -l L o el ol e b A
m ki 4] 35 a ?0 - 35 -t S
[ = g A -y m o

000:0004"'000a5000°040000000'20020!00003500|||30000

o - Lo =L pela ] ~o [y} -1 o - o Dot
- o == -] o0 o [=1-] @ a (=1~ [-1-2-1-]
[ 4. e ' v . 3 - -
o b ol w - LR o el L b
- a Ladod 13 37 3 (b - ? o™ [kt A ]

= ua ~Q o - -
080200010‘30°°020000040000000010°?°|°000900°|4550000

- "o ey - - Ladnl o - QM M=
a o 2000 (-1 a [-1-] L= =] Q0 ~MOQOoOQ
[ 1. P o= ' [l } .. L momew
[ Ak wad b ad al bk o il Ll L s
o™ B har e ol ] ‘5 ™ B‘ b - "N @O
=4 o= @ o e L o L

050‘0003“5000.'00000‘00009003200103000032035|620000
MOSm ~NQ

a ™ - o am N - oW —=gwts
o a [=1=1-1-] oo a -1-4 - - o0 ~oooa
- - LR ) - - L} 1 - I - - 1 = =
W il bl el el ol d [T [T el Gk L L R b
" @ [Ny o 5 b~ BB 7 - 35 o ——— =
M o w e L] -] D@D

COOMOSOE=NoSC 0000 0UNOOLOOTCYMOOMNONOROOM=OMID=M=~aaSQ

HMRAMNTORMN=OfAEMAO=TMNTYONADOM P =M N =T rTAM===0 R S=0 I TNOO T
ooooooonoaoonoooooon°000011llo0000oooooouoo000000000
[ R R I R A T I B I B N R T R T T I R I R R B I N L R R -
M b b et L
PO D) O W ) O O O ) O ] = O v 0 e O O G Y e e o T D e QRO Y Ty e DO T e
Dr=-AENOTNEOMTH IO RTOANOAN@ =00 RO THO A DMK D0 = Dty D B
MEQ=EHMMNRETMNOS0ODNNE =SB0 VA FIMOSE ™ CID U e =D O N =) T =y

- 3 z z E X x
T YO GNAOSC=MBINO YO ARSI = — RO =" O S = 40 ¥ O D T
NHUEBOCNERITVIIBD DLV LDOOOt- - GABANDARAAABDAD DN

R EEEEWWOOCOD e I DI E of ol o oo O T G D e b = e I B D @
COAXITwwROOUCETETQUOMMNMITJTIIOMuNA ELYLYF 43

€.28

HE 94
NB 95



Zircaloy-4 Exposed to 28 GWD in BWR Core

ivity in

Radioact

Table C.6. (cont'd}

Curies/m3

a2

PAGE

:]

OUTPUT UNIT

ACTIVAFION PRODUCTS

IN-GCORE
N/CM++2-SEC

B
r

L] =]

1M¢+3 Z1R
.A0000E +04 MW

2

28 GWOD/MT

RNUP

ENRTGHMENT
E+ Bu

/
GOOE+ 01 MW,

100 ¥AS J00 YRS 1000 YRS 3000 YRS 10000 YRS

YRS

50

LI

DISCHG.

— 0 o
- < 2
[} 1 1
) o i
@In o &

L=l-2-0 -l TR 1-0-1-R-i-R-1-0-E-Rolf-Irl-F-i=l-J-J-B-R-R-1-0-R-1-J-R-J-J-J-J-F-J-J1-J-F-T'{-JF_J-F-L-]_J-}

- Wi hixl L]
-3 - —_ -
Lo ' e 1
Wi w ] L
1D o o L
e L3 oo o

LOQD=000000000000=O00R0RTMOVOo00000R00000IQONO00La00

COO=m0 0000000000000 0000NVTO00000000000000000NE0BCRO0

- [} 1] i
—_ - ao -
[ ) [} 1
il w L w
w0 a i) o
D@ ~ ma g

QCoOP-0000oC0oOoOCO00-000000—-20000C0000000000000IDO00000

- 1) oD Ll
-0 - aa -
v ' v .
i w i w
- @ a ~ND o
om o~ -] -]

Ooom=000000000000R00C0COR=0000000CCo0000o0ooNoO0Co000

- W r~amn n "
—a - Qoo ™ -
[ ] B 1 1
ad w Lad bk bl hal w
o o o ﬁ ﬂ
L1 ] e L h

000810oooo0ooOo0010DoooonzzoOoooo:oooooooooosooooooo

0001Iooo0ooooooOo40Do000?3‘0000001000000000020000000

- - L1 ~oOw 1N b L)
- o~ — o9— ™ — —
1k 1 1 LI 1 r "
EE w w W L w

- Q oans - 9 ﬁ
59 i~ —dar v

000"000oosoo000o4oooo003480ionnnsononnononnznnnnnno

- o L] Lkl o -] W W
- - - ooO—— o - -
[} 1 1 LI B S B ) L )
Lt w w ol b bl w w w
v 0 o n—@Hoo L] -] .-}
oo ~ M}t o o o~ -]

- I~ '] DT om e 2] S
b - - L=L=b=Ral-] o ™ O v ——
o 1 L) LI R | ) L] LI R R
b d i Ltk ad bkt b w w [TTLTTRTTTI)
hi-] 3 =] [~ 0=y 0 i 1+ vl
Dq ~ eywmr b OO

- - a - e Grmo ™ ™ — @ ay
-e L] - - L=1-1-E-1-] o bt Qoa-—
[ E | [ 1 Lo [} ' [
1T (13 [} woow LA L ) w i b
-3 2 ™ = Qa Ao @M 0 4 net o
om ” [ IR o =@ werY [l

- n oo a N Ll 1 L o~ i Iadalug]
- - M- ™ - oQQoa a a Qo o-—
L) L LI | LI I T N ) ] LA I |
[P W W Al Ll R - w o e
bt 3 om ~ O il A b ﬁ o~ oo
w o L-hd o~ WY P [ o e T kil

- Q2 oD o Q=TI NTTE [ l Ty —ify
-9 - —— - - NOQOQQQ - a =] Qoo
[} LI LI CIN R B 1 r * =+ +
Ll b W i wooa LA L0 A L L b LY w w i L
T 7 oa E o D O 3 9 8185

0Oolloolol4oooo'o4ooooos45354'°003004000011]20000000

—HA=rOoON~NADL QNI YN =0 O MMANSCHMAN =S =MM P RNO—C0—Oan
—O00=0UQo= e, =—_—_0 00000 000000000000 000000a—a0000aa
L I T T T T T T A O T T T T T T T T T T R T T T R R R B R e R

Al ol B Rl b bl ok Ll L o L il Ll i L L i L L L L L b L L
PR YO Y YEN=d =N 0aNGIMRNMOINO GO Y- DoOnHODORQOM =m0 00
DONOFOOENONOMO =N YD N0 Y~ OO O DR DGO DN ND DN
Nig= e OO RADDON YO =~ =D O D = AN N ¥ HDON =MD ¢ DD e

AN NN DN AN =N T D0 D = 0 W0 D = == ] = S T A D —

¥ X X EF X X EEX K X X X X E E E E E
QDO NDNTY TN QOSN30 D00 ==l A= 100 = ] w0 DR MmO
90990000D00000000000IIOO0DIIllloollllllitllllllllll
D
H

OCCCCUUUHHHHHHIDDDDDDGGGQGGGGQDDDDDDDDDHNHNHNNNHHH
3 == b g (E O CF £F O £F 0F 5 0 O Qe S Gl O S Qo o0 08 o0 8 o0 o o o0 £ €3 €5 L K0 €080 00 Lttt et 1t bt mr e fmr v et 1m0

€.29



63
10000 YRS

PAGE

1000 YRS 1000 YRS

ACTIVATION PRODUCTS

8
300 VYRS

100 VYRS

DUTPUT UNAT

IN-CORE
 BGE+ 14 M/CM++2-5EC
50 YRS

NB

. 3
Curies/m
120P P

ty in Zircaioy-4 Exposed to 28 GHD in BWR Core
4 WilH
FLUX:z

ivi
te+3 ZIAC
O0O00E +04 MWD

)
8

28 GWD/M
AURNUP= 2.

Tabte C.6. {cont'd) Radioact
.BIBODE+O1 MW,

DIscHA.

2.5 W/O0 ENRICHMENT

]

+BWh
POWE

a7E- 11
3E-11
JBE-22

[
-1 1-0-0-1-T-F-1-1-J-2-T-F-0-F-F-T-2Pod-T-F-T-1-J-1-L 1-1-7-3-1-7-1-3-3-1-F-J-E g4-F-J-¥-1.1-J-3-Y-¥-]

SO0 0000000000000000=0000000MOCOROC0C00OCMOORoG8aRQ0a

5
B8FE- 11
24E-13

E

Q
=3-T-1. 1 J-J-F-0 JI1-J-J-1-0-1-7-Y-1-X-Lol-T-J-1-Y-T-Y-R J-F-J-T1-J-J-I-F-J-F_-J-1-RL J-Y-1_-J¥-]-X-F-1-7-1-]

L-B-L- BT 2N d-Bode BT d-R-1-F-1-R-R-1-L l-T-X-1-F-1-J-J L-R-T-J-T-F-1-T-3-X-J-F-T I_-J.I-Y¥-1-7-7-F-7-Y-]

24E-13
E

8DE-05
BTE-11

00000000500000000000'00000004000000000000‘0000000000

00o000o0|l0no00on0000.l0o00000300000000000030000000000

o
1]
-
oooooo00500000000000|00000004000000000000'0000000000

000000002000000000001000000030000000000003000“000000

24E- 13

BBE-01
BIE-11

B4E-07
J4E-13
E

43§+ 00
4E
arE-11

o
00C0QQOO=00000000MOC=0M00000 TOOOO0000OQ0O=-o0OO00d000

=X L-R-T-R=X-1-b S-T-X-1-l1-R-1-F-1.1-1-Rod-B l-T-J-R-T-Tul-J-X-J-R-1-1-1-J-YF-Y-Y-J 1-J-J.-F.L-7-3-1-Y-Y-]

™

41E-01

d [
u.._ - B

00000040100000000400'0500000400000000 0030'00000000'0

-R-R-T-1-X- 0 L1 I-J-X-1-T-R-1-1.- Ll -T-L 0300000300000000004030000000030

g€ 00
24E-13

o™
]

S51cE-18
a7e- 11
45E-212

n - = o™ - ™ L] ~
- a Q- =] -—— e - - ™ -
! [ - e . . ' '
™M e - Ul L b - oo s
8 o ?5 5 oI 0 4 T 0N 2

& Dnoar- L 4
000:0020230000000‘00'1-4“000‘0000000000'0'0000000050

o Q2 m m — O ™~ a - @
=4 o Q0 - g 0 —— - - .
' - e - e [ F .
ks W W bl A L [ W woow
2 - ‘.5 B ﬁ e A @ 4 ﬂ 0 a -

-] TN «+

A0 woOMO= =000 0=O0M0a =M YYoooMOC0OoR0000DMOMeoDOo0O=0no

- o —— [ 4 bt bl L - Lo B ) Il [ ] ~

o a o o a =000 oMN — (2] -~ - -

’ - w0 P v e . — ' i

. W e ol b L N L ' woow W

1. a Bedd 9 Q o 1 07140 £ W ) 4 B _9 [f+3 - M

L4 LT T - a o
0000009017!0000050|0n7§475083040n;2000000030|;3000009 o
COONTIOVOmMORACONO=0CmeNYYd=0MN0COOn0CC00~3mMOd000d=0Mmo

o mw = & N owN! ==meseY ] o™ -

o =0 ag =- D O =O000w=— - - - - -

- L - 1 L} - L N L] . 1 ' L 1 .

W M W I R T E T T T AT 1T ) - L W

B dw MM 3 3 Jn- THOOMOg ¥ =] ? n - 4

Qw =P DoADDEAr o - b

OQ=0MN=C==0RC0000R=C=0NTYNdornocoowdoooowomeooodaro~0o

m oY =t 2 we =OMMeoD a N Qam £ Mg - * T
5 00 oo 9 9 08 =000G==— = N m—— - e o~ -
- e w1 e [ o ' [
A W M e L ol el A M ek b i d b L tad ld il
T~ 92 84 n - Bl N WDEpIT T B - 9 o - oo~
2] @ TEoIDOD o 1Y) - L] ]

VOO O=RO IO =000NOMAC =0T ~~0MOoTOT=NooDCMAOOMOINO—0

O Y W Y Y w0 O O O e 9] G P e T e o ) e ) OOW e YA P OO0 O W P ) T T
00oooooﬂ000000000000'000000019o‘ll_ﬂﬁo.l.lll|401-|.l||.ll4l|ﬂ
R R R R I T T S S T T S e I T I I
Qe =T DO = HO N =R = DM M O M =00 O ) K CTE £ = U P e O O O
QOO ==t ANDO MDY PN =R =MO DO RO N @O T DO N =0 DT
HMO=@\ENNED RN =N =DM O =0T NOMINOMO = DO RO = ONe-D O TN =9

[Tl bl ol Rad T DR Loy L Rl Ll 1+ BTl Rl Do Trla Rala bl Sad- Lol- Tl 1-lobobado bk bl Tl b g

X IXX X I X X I I XX X X £ AX X X =X
QO=mMAMA==F RN T Y OOCMMUN - AAOR0 O M 01— 3324455569'1‘00'1‘
T = e e S P S TP N T I I T AN NI I T N PP I M ET I M T LT P I M) D B D P i B e
e —— —— e o e e e
ETEXEEXFEITIXETTEE IO O O G W A W W ARANO NS S ST XY E
= e ) Y A D T U DAY T D U LD L) A D e e e e e e e L L b 1 0 G O e M P e

€.30




loy-4 Exposed to 28 GWD in BWR Core

in Zirca

joactivity

Rad

Table C.6. {cont'd)

Curies{m3

64

PAGE

OQUTPUT UNILT

ACTIVATION PRODUCTS

120PPM NB IHN-CORE

I1TH
LUX= 1.BSE+14 N/CMe+¢2-SEC

4 W
F

c
[+]

1M+ +3 ZIR
.80000E+04 MW

28 GHD;HI

2.5 W/0 ENRICHMENT,
BURNUP =

+BWi,
POWER= 1.91600E+0] MW,

7 SUMMA

100 YRS 300 ¥RAS 1000 YRS 3000 YRS 10000 YRS

YAS

50

YR

DLSCHG.

Q oD L o0 o~ -
- =1 a Lokl - a
' [ ' [l | -
wi ad w i w w
L Ll i~ - b =3
i adm o~ - - Lo

Q L-1) ™ —— [+ -

- =1 o — o =]

r ot 4 LI 1 -

- Al W Ak Lt w w

?. Bnu 7. - - 7
Ll L)

Q -1 ™~ 4] B -

- =1 Q [=1- ] a =]

1 [ 1 L 1 -+

- b i L E ad

1. 99 _.r I_O 7. 9
L]

000700000000?70000000000300000000‘4001000000001

-] L L] - N - -

- oo a NMOO™N O a

| VoA ' e -

w W w FYTTTTTYTT RV w

T. Bg -.... EINO - [
MmN o -
00o.o00oo000aoo0oo0o00o030000000?4470'000000000
[~1-R=1 q-1-1-F-Rel-R-R-]1 X N-R~R=l-1-F-]-1-Ful-Rol-R-R-R-R-R-R-J. [ L 1 B-B J-R-1-1-J-1-R-1-1.1
Q om |l wETEow I~ -

- o Q —_—pe=- o =]

r 11 1 L [} -

™ i M W W w

? 1] 7 Do O ™

-1 ] naon o, w
0oo’oooo00ooggooooooooooaoooooooooo00.‘000000007
[~L=0-] f-F-T-T-3~F-F-Y-l ¥ Pel~ful-Fol-]-FeleRal l-1-F-3-R-R=R-E ] -1 Rod-l0-F-1-R-1-1-F-1-F )
o am - MNOD - -

- o Q —-Qa= =]

] o 1 LI I R | 1 -

w kb [™] [P N R} -

n.r (Ll 1- &1 G307 L} 4 ™

[~ 1] QNG -

LI 1] 1] [l [ L=1--1 L= ™

- ao - < —20— a a

1 1 [} 1 ] LI R | b -

w i i ™) w bl W

.... am 00 m 1.. AND W -
aa 1] D@ -

f=2~-1-1 -0 od 1-1-J-F-1-1. 1 I~-bd-F-F-T-0~R-L-1 t-D-1-0-Fel-N-Rpl tobol-] 23 -F-1-F~-1-0-1-1. ]

o Gow Ll -1 &L " i ol [=1-1. 0 -T m
- Qo= O Q a - - - QO [+
3 [ [ [} | ' [ [ E -
"I o L LB W S [l e T e
7 o win =O@ B 3 L -] = QUMM D -

Wy =— oY =] Ll (1oL Ll ] wn

0009030|00000200203°0|008|0000004&340200000000?

QOO ON=NY 00 =—DaCd =0t aNQOMNOOQQOOMMRMAaARAGSOoA00on

o oo L4 -1 T 0 o Ll QOO 0~ -

- o0o -0 L= = | o aqQ —oQ- O L=

] LI I LI ] ] ] o Ao ] -

W L woow w ™ W W [

7 L1 L l-1od @ - -] 77 —oMn M 4
- 1=1")] - 1=0. ] o L1 DwBD ©

OO OMMoOoAE= QO WO =0o=0QrM=0oooooUlUrIoRooQo0o0Q 0 -

a me—- i — - - o ey ur cnoo - -

Rl -1-1-] [-1-1-] o Q -] oo - -0Q=- 9 a

o Voo Vo . ) ' [ -

[T e [ woow w b w [T T T TV T} w

? D~ oo - - 73 [~ 1P SAa o

—wa oo - o —teiD= @ ul

00090alBBoo0ﬂ°..I002030090030000100?30702000000005

COOMU==000ND=00MOYOORQOM= OO0 =00aAlanaWODoOI0Qamn

a Mmoo =0 e - - | il @ Mmoo ™~ 1

- Qag oo -0 QO =] ao aQ —Qo=- O [=]

1 [ - LI - 1 LI r LI B | 1 -

W W W W ™ ik w W w

1- BN D P 0 ‘a - 5 B i) 4 maoM B 9
Qma Mao ~E a1 -1

CoOoMONNOOOMNO=CON=0-00MoCoMMOoCO=00anNggICQooSo0oo o=

Nt Ot =t = MO ON O P == ) == N ) T~ DN E P b YD DD
CoOO—0000000000RORo00 00D 0000000000000 00 === -

L T T R T T e T T T e e R R e e T S B A

Ll i L A Ll A FRPTTTTIT T A
MO h=0=OYyMNOoN=onCorNiavdMUo-NVCMLD YOI TORANSONOOq
A= ow oot I DAN Y- NANAD TAMNAMON=NOMNANOO~ O
NMORNDNODRD =0 OTATOOMTvyNOOD T TG =NAO =0 MMNDN=dh —~=q

hdaboladoh Sodi Toh b £ 1 1 Rodbdo b oA dobobnla I Lo Ta Lo fo Eat o bl r1--Radad s Radal e I To b Rkl ls]

X X X XXX X E K E E X E E EX E x -
MONOOOERODBC=NNNM=MHO~COAR I OAC—=-MNTrNNTTMIcit ool
Bafatb bt OOOIODNOCOADDNDNONADAAREAITAIAEAAND D
L e el T it 1 e o b o ek e o e e o o o o T o T e e e e . o o o . e g P T
EOQ DD T D teie b b ba b G AR XE T T T abh b it L 1 1 0 1 1) (1 O O 0 O e e e e e 0 T (5
—ded dd ET R T T E == EEXEEDT 00 O e it ot et 3 O D B B o 100

C.31

17BE1 01

.BO7E~0|

t

1 _BOSE+O

2.0YE+0OI

2.782E+10

.G84E+04 6 256E+03 B.GBIE+D2 4 3t3E+01

1. A79E05 5 H5BE 04

5 . BO9E+ 06

TOTAL






APPENDIX D

PHQTON SOURCES



APPENDIX D

PHOTON_SOURCES

This appendix presents the photon source as calculated by ORIGEN-2 as a
function of time. Each table is in fact two tables. The upper table is the
absolute photons per second in each of eighteen energy groups, the average
energy being given in column one. The Tower table is the same data as the
upper table with one change. The units are in MeV/watt-sec (the values are
normalized to one watt). The total power is given at the top of the page.

As an example, in Table D.1, at discharge there are 2.472 X 101? photons per
second with an average energy of 0.015 MeV per photon. These values are in

the upper table. This is eguivalent to 3.708 x 1013 MeV per second [(2.472 x
1017) x {0.015)]. Dividing this number by 30. x 106 watts, found at the top
(POWER = 30.00 MW) results in 1.236 x 108 MeV per second per watt, which is
found in the Tower table. Under the upper table is given the total unnormalized
MeV per second summed over all energy groups, and under the lower table is given
the total unnormalized watts of gamma power (1 watt = 6.24 x 1012 MeV/sec)
summed over all groups.

Tables D.1 through D.3 present the photon source for three representative
alloys exposed to 33 GWD over 1100 days in a PWR. Tables D.4 through D.6
present the photon source for the three representative alloys exposed to 28
GWD over 1460 days in a BWR. Tables D.7 through D.13 present the photon source
for non-fuel components of PWR fuel assemblies exposed to 33 GWD/MTU over
1100 days and BWR fuel assemblies exposed to 28 GWD over 1460 days. Tables

D.14 and D.15 present the photon source for BWR Cruciform components exposed
to 28 GWD over 1460 days.

D.1
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Photon Source Due to Non-Fuel Components of a PWR Fuel Assembly

Exposed to 33 GWD/MTU (Photons/second/MTU)
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Photon Source Due to Grids, Springs, Sleeves, etc. of a PWR Fuel Assembly

Exposed to 33 GWD/MTU (Photons/second/MTU)

Table D.8.
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Photon Source Due to End Fittings of a PWR Fuel Assenbly

Exposed to 33 GWD/MIU (Photons/second/MTU)

Table D.9,
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Photon Source Due to Non-Fuel Components of a BWR Fuel Assembly

Exposed to 28 GWD/MTU (Photons/second/MTU)

Table D.10.
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Table D.11.
PHOTON SPECTRUM FOR ACTIVATION PRODULCTS

20000, MwWO,

28 GWD/MT BURNKUFP

RNUP

HRICHMENT
g Bu

{00 YRS 300 YRS 1000 YRS 3000 YRS 10000 YRS

YRS

50

10 YRS 20 YRS

1 ¥R 2 YRS B YRS

DISCHG.

EMEAN

St Rl b o L B L
-2 Tkt T b g b d
OO =D=hoTrTvh
A= MNTANARTEQOQOQO

——@f ek OO0 Q0

L Dndndand 4L B g L0 L
oo030000000
e
AR I ik g b il b ik b b Sk
DO DOAN v
DO D) O -
DTCIDA=BNONMTHOLOoO000

=R =ANNT =0 00000

A O00DTORMOMNAS
COOO0000O0CO—=1N
e L B B B |

P i = @ O = =D v A
b -k dyiatad Lt - Todl- |
=i MR aT=—000

Mt =Nt e ——00000

0 1) P £ A ) NS = 8 = A0
CO000COoOODODOOD—m
B IR I I N A R I B |
w OB O W L) Q4 P v e 0 I O ) O D
DE O wON=F - ORE0
b4 b g-0 R Aok-1-0 & 4 Loty l-1-1-1-]

MmN T = N==000

1200 @ - 0 800 O T -
~200R0000DoODO D~

T

DETOTO=DMNR=NMOD
TEYONMONOYTIDN=M0
oONT- PO =HNTOHMENooooO

bRl Lt R Rl TRty f- Tt -1-1 -

ol LT Ll Lol Reabat Ixhad
—0000000C00—~0ODD—
L L R

BN —~E3GRQNOTAMN T
DO 0= RN
DNDNONMDI YD O=TD 00

AT OO TN NMND DD

b L1 1. T 1o Lk R
Ak - 1-1-F-1-1-0 k- 1-1- L
LR IR I N ]

D= DO oY oN
NAATNTOTRORNTND
IELOOD=aRNHRONnO—v000

MO =MD =M= 000

——— Q0000 0RO —

e et e O v O D
B I T R

s G O = o 0 v L e O ™= ) ==
wEOMAMTNRADOND D
Y ODONNCATNANNDODD

L ol Dbl ot Tl Rkl £ L= 1-X -]
P Y Y . Y T T o

e vt e e ek e e 0 4 ) AT
L T ]

Ll T -1
DA SNETOvY RN—O
AT YANtT-A-0—yORDOo

=DM=OMHTHAIETHMND~ROD0
=00 P D -

e ey e 3 )
L L R

OO =MNO = y=1%
1 12 2 @) === {0 W] 0 £ 3 D O D 0
=N =DM AN OO0

N=wHNATAND—-~af—~000
Ot v v g N (R D =

s e e o 53 53
L I
w il
10 O i 20 R P DD D O D R
O = D) = P =@
rMON@-SDoOTHINOGMNO0000

NN D DM T OO0

hdxlalylalolylalyl b do o hatod -1 1]
- —— coo
L R

DoOOON~OMAMDIDNTo
Pe=DAN=dO0DOM @M ==MNDO
=N DONINNINONA@GMD =)

Ll alaln ly bt = L= £
Q000000000000
LI T T T R O I B A

Et00
E+00
E+00
E+00

= MNMWHD = MWD N N 3

.B32E+09
.4BTE+0D
10000 YRS

A000 YRS

110E+09 2.022E+00 1.908E£+09
t000 YRS

1S8E+09 2.659E+09 2.485E+09

300 YRS

LA95EY 10 5.
2,492E+09 2.

MEV/WATT-SEC
100 ¥RS

|
YRS

.GBRE+ 1
.8adE+«11

|
|
50

YRS

20

¥RS

e

2 ¥RS 5 YRS

YR

B.709E+14 9.5B0E+ {2 7.942E+13 5.203E+13 2 BEBE+13 7.182E+{2
4. JBOE+t4 1.0BBE+ 14 B.254E+13 8. 217E+13 3 Z214E+)3 B . BI1E+12

D1SCHG.

TATAL
MEV /SED
EMEAN

hebalabanDalolal: Sl 11
[=R-2-0-1-1-F-1-1-R-1-LJ
[ |
AN Y L Ll R i b
== D) ()
AT Q==0= M OD
oNMOUMOrTANRM=000000

= N 00000

NGO A=Y
(=L -2-R-1-1-R-1-1-1-1- L J
[T T T R I R T BN T I |
Ll i il il L
L R L L T
W L D P O D
e OONDODANOOODO0

=M INM I AN~OOO Q00

ftalabalalata el o Uil B-0 ]
[-1-1-1-F-F-F-F-1-1-1-E Lol []
R

= WD WD W WP
MDY THOOANMAOTE Y
DOCHNANNTANCSLTYN=00D0

e L To Lo Tobd - ot Rl - Bk == 1=

bbb Lalalalal-Tod 1 1T I -E=]
[=2-1-R-1-1-R-J-F-1-Y=R=b bl ]

e L R e e |

[Tl el Do lode Tod dalodgd th iy b d
DR N = =l
A=DHOINTEROIDN@-OD0

L= Dol n 2. 30 L Do b o Bl " B el
[=1-R-1-J-E-J-F-1-1-1-J-%-1-%J
N I N A |

kil

A D W = D A D D

Ow O Q ]
M@ T TANNODM==MRo00
DR Nmy=000

OO O e v o 0 D O WD
(L2 -1 -1-F-T-J-R-1-1-1-1-1-E 4
N B R R
G o @ =0 O 04 (DD
A~ DDA O QMM NID
FOOM—OURNOQODBMN=NO DD

ey == R o000

L bbbttt Lu bl 1 11 R=F o 1]
[=L-R-1-0-X-1-F-1-1-1-0-1-1 0o

. I I S B |

NeO RN vA D wADm
o DMNNOGm oot~ —110
ol -Raded 1 1-T o dndd B b dal o1 =R =l

=NwOrINN=N—=—T—RCO0
R0 O = O ) Py O D — N T

o0000000000000~
P I

NYONC—~ATHR+~—3w O
A Owh Ot e O~
NHAMNMODMNOUNRHoONCOD

VM= ee@=000

elalada balalalolalol b Satunt el
SoO003000000000—
P e

DOOMNO =00 AT
DOMNANDR YOO
QOGO DOrRM=N00=M000

AN TaTrINr—=—000

e Lol Dbl b b Dl E-dakaldal
[=-R-1-1-R-1-1-R-1-1-F- 21—k
P

=D AAN SO DS ~0
oA~ TODD DO~ NY
ONMORAD=0M@ My OO D

=D N =—— R ~——000

Lelalalainlaloboge £ 1 1o Rabatad
COD000000OCO00O0—
B R Tk i R I A |
L=t Loyl o0 1 T-R-Rol -1 Lod
D+=DwORIDEHDO =@
= ONOATONODTO*AYyOOD

M=M= NAn-—aGo

YA AT ENNDOOOINNTO——
o000 00o0D0DC00000
P e

ey
OO TADHAONDAS DD
QORdmO Do RS = O T
LT R L1 -1 L T ] <Rl T R T T

MO = N R D = = [ [~ —

dalalo habededeniad.- 2= 10~ -1~ I —1=]
C0oORDOO00000aRDOg00
L I e B N N A
A Lt L Y Ll L el el i e i L Rl o b o
COo00000020000G0000
CONNIOBHBN OO NNCOa o
WP P O P B O S O O W)

hfa Lol L bla Do 1] b o Ea gl sl -

F.758E+01

.055E02 B BSBE+OI

LAQIE+Q2 1. 101E+02
L3BOEY 00 2 FONE-02 3 .995E-04 3 2B2F-04 3 242E-04 . 0ITE-04 2 3I63E-04

VGTTE+OG 4 494E+0% B . 80I1E-03
ISIE+QQ 1

1
.741E+0+ 1. 483E+01 9 965400 5.

2.278E+07 5 _B87E+06 4. 830E+08 1. 245E+08

6. 990k 01

TOTAL
GAM POW



188

PAGE

ings
8

Exposed to 28 GWD/MTU (Photons/second/MTU)

QUTPUT UNIT

Photon Source Due to BWR End Fitt

Table D.12.

PHOTON SPECTRAUM FOR ACTIVATIAON PRODUCTS

14 N/CM++2-SEC

HGS
E+

-

28000. MWD,

26 GWD/MT BURNUP
AURNUP =

W/0 EHRICHMENT
19. 18 MW,

2.5
POWER =

BWR,

1000 YRS 32000 YAS 10000 YRS

B0 YRS 100 ¥RS 100 YRS

YRS

20

YAS

1 ¥R 2 YRS 5 YRS 1o

DISCHA.

EMEAN

+Q7
E+08
E+08

w A L A L L
COYMD Y TOat
@ == 0 Y AN =
L AASAOANENOOQ000

MMM EMM=INTNYOOQO000

P e 0 DI T
[=1-R-R-l-J-1-F-F-F-1-Y.]}
LR R RN I R R
Al I e e i L Nl il e Ltd el
MEMODORANT
DO =@Mty =0
TO-=ONONDMIMNS0000a

et e TNONIDQo00000

[adad L 1T b oy Rl L -1 ]
Lol-A-1-F.1-F-1-7-]-0-Y.%o}

L I T B |

QMO DNED I NNT
Dt RN D T ) Ot @
MODNEAOMOY-NOQO00

S=ONA=BNC-NTRO00000

e PO W b A NG
QDDOOLLOQO00 ™=

R e A I A |

OMOON om0 MDAmMEe
1) W= O o e W G (O O
DYNDNOoOY“YhOTN=TROo00

FY @GR o 40 O O M1 0% O @ = T ]
LY W P D 3 0 0 ) = == ) v 0 0
oA®MD=NarMEnoSoRO 00

Ly bk 4- Babeud R Sl Tl Tyl T, 1-7-1-]

Lo bl ad LR =1 1 L] ]
000000000 —=000—
R I T R T R |

=~ wONOOANNNOODENYTS
NNYIODOMDMHDMO oW
THRNAEIDHOAN=0Dn000

Ny==—9=N=30MKMOMI000

=l 1-1-1- 1 F dat - Tod Tk d ]
=D 0000000 =000—

I A

OGN ==OMN YR~ YD
DADD v O VO NNDOID
ATOM=0TwyDAOMNOMO000D

NANDHEMDT~NA=MM000

=0 O0OMS D Gt N = \0M
hhenbeadnd - 11111 Log-1-1- Lo

R I I R ]
W i

mEOteQ@OoMNTOTN™ T
BM O GoMNTD - T r-0N0
QINONDT==N=OMNOMNIOOD

AN M=y =000

=200 MGE e =000
o e e 3 A A G e e €3 3 T
R R R I . I I |

TOSENTHTNMONS O
=GR = 0 D O B RN OO
- @O O TN YT YDOGO

TOMY=OMNOmM==DRNCI000

e O 0 0 O B O R OV Y P T DY O
e e {23 4 DD D e £ D)
R R I

Nﬂ?ﬂSBOn:flslola
QOME YO0 0D=0mK
NO YN Gt===iD—NO OO0

bkl = LTl Tol- Rododo Lo bty T R -1~ ]

MO G0 QMO MO D
e e e e (G A e e £ ) AT
L N kI I NI N SR S |

"
OO =00Om e =0 r
Ddad - Iada - Ll w1y Dol 1 Tt 1))
O=DMOo=gom~vYAMO0TOO0

——E TN NN MO0 0

TOHESAMOIN YOO
- [=1-1-]
E R A N U I E A .

w
BN t==R00 My QM= va—ao
eI = N8O 0 M@ o — RN
ADHOHNY——DyMNONTYTYH=0

P MO TNO MM O T D mm
NN === 3000 Ca0
[—R-Jef=N.la]-FoF-Fel=talefoTeRafel]
L R —_—
. w

o b e -

i 04w bl
OS0o9QoO0O0OQoOQOo0000
COMDONnONCUNNNNOOo O
) B P S B T ) S N B O O D

hadad bl -Ralaly bl b Bl b=l ol )

.4B1E+08 B 449E+07
VZO0E+OT 4 TA43E+0T7 3 .870£:07
1000¢ ¥RS

L. aiIge+o08 |
000 YRS 3000 YRS

. 724E+08 8.387E+07 5.
100 YRS

MEV /WATT-SEC
100 ¥RS

YRS

Ep
50

IZBE+ 12 4 599E+10 3. 417E+09 B.917E+08
YRS

20

YRS

.BE5E+ 13 9 .83B5E+12 2 SBTE+12 4 . D74E+10
L1]

LS4BE 12 T S4TE 1T 2.

5 YRS

1
1

2 ¥RS

¥R

9.078E+14 2.91BE+ 13 2. 407E+13
6 SS4E+ 14 A _3BIE+13 2 .838E+13

C1SCHG .

TOTAL

T3 MEV/SEC
EMEAN

[abalelalobi g dTiT -E-R 4o
OQQO0OBOO0 -
L N L I I I |
A L ] i LA
N ANDO~ y-OO0
R E IO 0N
NNty aT00000 0

DTN =i YN=——==900S00Q0

CUDAEY N 0 W 4 0 O = Y
[=1-3-1-R-1-F-1-1-1-Rodol
[ N N A
i Rl N Rl 0 L1 bl bl

nN==——mhT NmMe O o000

MMM T THNDOOMD
0000GOD000==1y
[ N R R
[ [

helndad vl dud-Todylolgl-]
000 G0 G == SR D W
DN =DC=ODNMooo00

Mm@ THMNEIROO0OC

=N T YRIDOONDAD
00QQO000Q Q™=

[ T T T B R T I B

104 0 D= © N A~ e TR
=ORNYRETDTNORARORM
A=AUNORID -0 00

D= rROTNMND =+ Q00

b emadatarlade 4 o0 TeXaT ol 1Y -]
[=R-1-J-1.3-1-F-7-1.F.L J-F-1>
L R B I N L e B |

Qe b e o 0w W Y I B OO
AN OMOANTNONTIm
MENGO=0ONODOM~TYMIOoO000

NN N @I NI 00O

e e e = 0 ) O ) £ O AT Y
OE0000QOLQAD=0 0N

e T I AR

E = o 0 0 N o L0 O 7D B - 4] LD EN
OO v B30 A0 WwKMmmM
SNAM@O-D-TODOMTIIO00Q

TEOAMM—DEONMNONAS200

em————Q OO QINMOMmD
fol-1-1-R-1-F-1-1-F-F-8 1.1 %
I A N A I
L AEF bl i
U= QLT OOrMmoDrtAf
D O A0 B P ) Y T D e
ONOO@OARDYOMNONDO0oQ

LR LY L e . PT)

N ——— =)= OO D
Lol-0-R-1-1-F.B-F-1-2-S 170
L RN R A T RN B R ]
ki G L i Ll R 0 R i L i L
+ DD =T HNOT T ONRER
F) =t e M — = )
DO ANDI—=+MA =00 00

hade oL -Lalo bl -1a0- A Lok Rl d==1-]

o e e e e ) () Y MY O 0N D

[-1-1-2-1-1-X-2-3-TF-F-F-3-1-73

L R A R
Al

— QO RBC DAV DL CIA
DD OIDMED T N =M
HONMONN=0NO0=vo000

FE e = W= B A O OO

LA 0 O e e o () O = T D
L-T-d-N-J-R-1-F.T-]-1-F-%-1-1.]

T TN

MNEMO@MDTT T NDO MMM
Pty o r Q@M D DM
LT Rl By 1 Tt Rl JaloBod-R—1-1-]

L 0 ) ) = O OO

Blalalads hebabantn] 11 -Aochaldad ]
[=-3-R-J-1-F-1-F-J-F-]-%.L-Y)
T
Ll LA L o i R i i Gk bl e b A
D TOhNORORMTON
DAMNE P B GO W T =1 P 1)
TICINCI TN T NDMOCO000

D= DD g =i O 00

1w W DO DD DU -
[=X=Refol-2-1-F-FToy-Ro)_F-F.1=F=]-]
Pl )

LA A M o ol il S G A L L Ld K W) o b
NNGNA TP OOOM~NOD T =]
— @0 O~ =N v D000 R0 -
N OOMYN= 0= =q

—rw— @O TN D=0 —-—

Ll L Lo bbbttt = - 2o 11~ 1= -1
=x-1-F-T-1-T-T-T-Y.F-F-1-F-¥-1-1- -]
(L T R T N N R R I
Al A o ol el Ll o Al i ? L L L LY ki
OCQAROQOOOADOACO00D
CONoBINIIOOUENNNSOOO
W1 B i DO B O O I 2 T D

halalwbis LRk Byl t Ll Sadadada ol thad

.915E+ 0D

7.974€-03 2.763E-05 t.021€E-05 8 . 208E-08 7. A03AE-08 5. 482C-08

LA40Ei 05 2 . 598E+03 B QUBE+00 A 323E+00 2 BY2C+00 2 475Ef00
{14E-01

1

1.933E+00Q 4.

.4BI1E+0B 9 6THE+DOE 4 _DY2E+ 05

L O51E+Q2 5. 391E00 4 5489E+00 2.973E*00

1. 755E:06 1

3 421E+Q7

TOTAL
GAM FOW



218
10000 YRS

PAGE

1000 YRS 3000 YRS

8
300 YRS

I
.BSE+ 14 N/CMr+2-SEC

00 YRS

L CHANNEL

QUTPUT UNIT
268 GwWD/MT BLURNUP FUE
RNUP=  28000. MWD, FLUX
YRS 20 YRS 50 YRS

Exposed to 28 GWD/MTU (Photons/second/MT)
fu

Photon Source Due to BWR Fuel Channel

Table D.13.
RICHMENT
.16 MW,
B YRS 16

2 YRS

L

PHOTON SPECTRUM FOR ACTIVATION PRDDUCTS

DISCHG.

EMEAN

[ Ladndad -l 1 -1:0-1. & 4
[=R=R-F-1-1-1-1-]-]-L-]
BRI I T
b LA bl R L W EEEEEE

- -d - Qanu qa nx - na M==—Co00000

- Lol amdanlal -1 10 B 4 <]
p=2-el- ATty =]-1-]
R S I
kel el ML Gl L] Gl Rt WA RN Wkt ML
O 00 O 10 O @ - D w0 iy =
Eadcl Lot L Rl Lkt -4 ]
AQ= Q@AM S0oD00

bt -l bbb o bl T Rkl -1 -0 -4 -1

[ Ladanbudand 1oL Rand- & &0 Lol
nv [-1-3-1-3-F.1-1-1-J-F-F 4

I T |

=y e O = D A
CDOMTY =M TODD
TOONNOOYATSARCOOOOO

bbb Lo B L Ay b Rad T =100 -1 -

e QONRIETO TN Y
[=1-1-1-F-1-3-F.T.-7=1.1.1-E L]
R R k|

W D O O WD = YD
FIDONAR AN = v 35O
TOOA@N=0OYONGM==v000

RO =t N—=000

= e P e I W] W O
COoOCCOCOOOCCOO00—

L . I T |

=EMMNIO @O @) —
Lottt g ol B dul LT 1 L]
TACAMYASINIMOR Y000

bbb Ao bad LoDl Lo To TRl ] Loy -4

CCOGO00000—-000~
R R T

L bt lbed - e L £
D @O CHOM ¥ T O -y T
SMNEENE-A=ONTONATO0 O

ME= == RN =N O OO

O=CAREC == 0o Yo
———G G —— 00—
L el R B .

A A

DNDM ¢ NOFADFRNO ﬂo
DN BNODTOTOoOAYO

o~ ‘.lu!rQUQallﬂnlu.vnajqnzAuAUAU o0

DD NN n‘ n‘ habadrdndal Lol o IR 1-]
ittt -l Lo l- Loty ol 45

L T - - 1= )
L I I R

=000 Y M yoOom
CEHN D > e WD~ I O
FrEDIVNDNOSUNTD~C0o0

Rl lalobalol bl b b b Sl -1-1- 0=
NP O O = 0O O TP DN

. 0
R IR R I |

O D@D W S P N CHD = D
OO NO D M0+ w00
hi-1-] iu.—-ni NYCCAN-YROIO

e ul OGO T=0000
VIR = T Dy P B i 0

[-1-0 - Ao

L R L E ]

sk 1dd

S ) 0 = O £ G v 0 O D 7T =

NON=yM=OR TN D
A=OQNorE=IYMroaRomoco

YT LD o e o e e v e Y e O P D O
O VO = TR O D Y N

v ) O
R L R R

@ YK O 83— O O~ i) - Y
N0 O W oSO e D= =i
SNTAN - TRINTDTTOOS

EEE NN D=t 000

A e b s b 8 1 Rl o bat-To 0. 1]
-0
R R R R R L

HNODCNO DA T O SMDm o —
AR O~ YOO OWTO
AGTYaOTaRNMTOINEOAT

Lx dabatabapad -2~ 1-4-1-1-1-1-
o000 00o00Q00D
LI I I B R e B )
w Ll i
CoooOSo0ooOS00S00000
QoONPSHNNOONVVNSSOoOS
557?522775272?5005

- na ﬂu ﬂwal ™~ na MY (== I I~ O

D.15

174E+09

137E+09 5 O00BE+09Q 4 BBT7E09 I3 70I1E+08

TIBE+ 12 3.322E+-10 3 009E+0R 3. 020E+D9 2. 955E+09 2.758E+09 2,

.94BE+ 12 3. 050E+10 5 235E+09 5.
ELEASE RATES, MEV/WATT-SEC
ETAL As LDADéD

.275E+ 13

1.702E+12 7. 718E+12

1.853E+14 8 431E+13 3.748E+13
4.276E+19 B .B9IE+ I 3. 222E+13

8.228E+15

TOTAL
MEY /SEC

1000 YRS 23000 YAS 10000 YRS

50 YRS 100 YRS Inoe YRS

YRS

20

YHS

1 ¥R 2 YRS 5 YRS 1o

DISCHG.

EMEAN

patalaba i Ladalal Lok L)
L-2=2-1-T-1-F-1-B-1-1-1
LN N L e
Nt b i bl W L L il i i
0TI = = P 3 o ] O
TENF OO NN
=raNOMOOU=N00Cco0o0

ATMDOINNNA=D=000000

QNN OID MY M
L=l-2-F-1-1-F-1-3-1-1-} 4
L T N U R I N N NN N Y
A Lk e e R il i A

=DANMAAND-D-00OQ o0

Ldn it nialadaxl-To 8 JaT ]
[-d-2-1-1-1-1-J-0-1-1- Lol
PN

s
P = DM A D DR
P =AFID T O MDOD
SNNOERNAR=NNENOCOo00

=A@ OMIN =0 Moo a8 00

edalilmt o dnlad tnk dudad: b
QOO COCOOOO O =N

T T TS R I I

VA Ll L Gl A A 1 LU L L
M=y 1 O D R = O w8 O £ D
b tdatalal -L-- TR T
=0E=rMOe—-OnNad—Nnooo

== AANO =D NS o0

L-dedadmtalalalalalsl-2- 21 1]
Coo000000000000—

LI B N N N

TP F] = BT — 1= A Y
D =Y 00 P D P e Y0 v D
=OA=EANAMNCN~Co0aroo0

bbbt o Lo Lo T Lo dol b £t —1 -0 -

O e e = O QT WO D
L-1-T-1-.1.1-1-Y-T-7-7-7-T. 1o
LI I R B B B B B L B e
L A L b L Rl Rl ik ek ekl
M@= NOARDDEeI - O
M= 0@ vOctONADD
DO =N YN TOoOaQ0c

bt £ la bodad o bad o Bk ol B f= 01~

taia it b Ll o b & Loy -
0000Q000000000

L I T N

e ™)
MMy e=OMOONoO—0o
DO =MD =) O — — WY
BN OONNO0——~A—00 D

WA= ===t RN 00

NEIEI = Y R D T O D
Q00000000 a000a—=
Rl R BN B TR B B}
P~ QDN DD 0 D0 e C T -1
ANOTTTOD W DNDDAN
RN~ NN~ OO ORDD =000

MmO EN==000

1% ) Cr O W LA G D W O D
Q000000 OC0O0 =
D
el ol el i Bl R B L L
== W Lo O Y AN ) 0 QD P 0D
eI @E= 0 +O O
=M= =00 N=NO OO

e OamtnemEn NN =000

BDW TN TIDNTNOONT
0000000 O0000 ™

ok b ek ek kb e kb b D

il i

D 1O EID D O N DM .ﬂ

LD O L O = P P 300 P 00 4 07
SCO=g0=MONYAQRA—MIOSO

A=A TO =200

O W (YO WD DD NN
FROoO00OS0o0000—
P Rl
™ Ll b Ly
lad il LoRado Lo d- T & Jol-1- 121
bt dadad dadn b g 1- 131 -1 :]
CMNYMN— OO~ 0MOO0

ke hala T LT Bl Tol Lot - 1 -]

00 LY LY D A 0 D P 3] B D) AT W ) = 2 )
COOQOQOQO000RRDO00
=i aiiubagii i
LA L Ik e L Bt Rl 0 L
OO MBHAARMOTHDTO— M
T TTONOOMOOOMMIMoN—
CHTCOINOBTNNNO TN

[alals bo by Rl v Ba ]
00000000 oQ0
[ I T T I B BT
L I Ll L Lk L ol il LU i L bl
OIS oDOo0

OO O = N OV ] e S N0 e DY

.734E+03 1 BI2E+02 |.57BE+02 | 542E+G2 1. 440E+02 1, 1365E+02
5 2325E-03 4 952E-04 4 BS5IE-04 4, 736E-04 4 . 423E-04 3 485E-04

J23TEDO 2 75 E-01

. BB1E+06 9 J52E+05 4. 020E+05 B.95BE+04
IB4E+ G0 2. B72E+00

5.

2. 232E+08 4 B4A1E+O0B
BEBE+ Q2 | . 425E+01

-

10TAL
GAM POMW



Exposed to 28 GWD per MTU (Photons/second)

Photon Source Due to BWR Cruciform

Table D.14.
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OUTPUT UNIT

Photon Source Due to BWR Cruciform Upper P
Exposed to 28 GWD per MTU {Photons/second)

FOR ACTIVATION PRODUCTS
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