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1.1. 1

1.0 SUMMARY

This report was prepared in support of the ‘Environmental Impact Statement on Management

of Cornercially Generated Radioactive Wastes”, DOE/EIS-OO46-D. The scope of this report is

limited to technology for management of post—fiss ion wastes produced in the commercial nuclear

power light—water reactor (LWR) fuel cycle. Management of spent fuel (as a waste), high—le vel

and other transuranic (TRU) wastes , and gaseous wastes are characterized. Non-transuranic

wastes are described but management of these wastes , exce pt fo r gaseo us was tes , is excluded

from the scope of this report .~~...~~

Iflformation was developed in sufficient detail to enable environmental impact assessments

of the waste management activities to be made. These assessments are contained in a companion
document , En v ir onm en tal As pects of Commerc i al Rad i oac ti ve Was te Managemen t, DOE/ET-OO29 .

The contents of this report and the location where each topic is discussed in this summary

are as fo l l o w s :

Report Summary
Section 

______ 
T i t l e  Sec ti on

3 Bases and Background Information 1.1

4 Was te Trea tment Technology

5 I nterim Storage Technology 1.3

6 Waste Transportation Technology 1.4

7 Final Isolation Technology 1.5

8 Retired Fac il ities Oeconinissioni nq 1.6
Techno lo gy

9 Thorium Fuel Cycle Considerations 1.7

10 Was te Management System 1.8

1.1 BASES AND BAC KGROUND INFORMATION

Information contained in the section on bases and background information includes :

Report Summary
Sec ti on Sec ti on 3 Top ics Section

3.1 Fuel Cycle Options 1. 1 .1

3.2 Prima ry Fuel ~/cle Facilities 1 .1.2

3.3 Waste Descri ptions and 1.1 .3
Classifications

3.4 Waste Management Alternatives 1 .1.4

3.5 Secondary Wastes 1 .1.5

3.6 Scope ~~‘ Technology and Facility 1.1. 6
Descriptions

3.7 Acc ident Analysis Basis 1 .1.7

3.8 Cost Analysis Basis 1.1.8
3 1 ~ Safeguards and Physical Protection 1 .1.9

Requir emen ts Bases
3.10 F j~~l Cycle Projections 1 .1.10
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1 .1 .1 Fuel Cycle Options

The three basic nuclear fuel cycle options considered in this document are: 1) the once-

through cycle , 2) the uranium-onl y recycle case , an d 3) the uranium-plutonium recycle case.

Two va riations are also considered : 1) the deferred cycle , where the decision for disposal or

reprocessing of spent fuel is delayed for a number of years , and 2) delayed repository
availability .

In the once-through fuel cycle , irrad i ated fuel assembl i es are i solated as a was te
without reprocessing. The reference once-through cycle provides 6.5 years storage of unpack-

aged spent fuel in water-cooled storage basins (either at the nuclear power plant or at an

offsite independent spent fuel storage facility), followed by packaging and final isolation

i n a geolog ic repository.

The underlying assumption of the urani um—only recycle case is that spent fuel will be

reprocessed to recover the residua l uranium for recycle without plutonium recycle. In the refer-

ence uranium-onl y recycle case it is also assumed that all spent fuel storage requirements can

be met by nuclea r power plant storage basins and reprocessing plant basins. During reprocessing,

uranium and olutonium are separated and purified by the Purex solvent extraction process; the

uranium is converted to UF 6 and returned to the enrichment plant and plutor ii urr is either

1) stored in an oxide form for future use or disposal , or 2) combined with the high-level l i quid

waste during solH ification and ultimately sent to a geologic repository .

In the p lutcn iu n and uranium recycle case , the purified plutonium product is converted to

Pu02 and then blended with UO2 for incoporation in mi xed—oxide (MOX) fuel elements for rec1J ~~ .

The recycle Lran iur r is converted to UF6 and returned to a uranium enrichment plant as in the

uranium—only r ’~c,cle case.

1 .1.2 Primary Fuel Cycle Facilities

The primary fuel cycle facilities in which the post—fissic i fuel cycle wastes originate

include:

1. Nuclea r power plant. A 1 200 MWe plant is described.

2. Independent spent fuel storage basin (ISFSB). A basin having capacity to store fuel

assemblies containing 3000 MTHM and to receive and ship such elements at rates of

500 MTHM/yr is described.

3. Fuel reprocessing plant (FRP). A 2000 MTHM/yr plant is described.

4. Mixed-oxide fuel fabrication plant (MOX FFP). A 400 MTHM/yr plant is described.

These facility descriptions provide a basis for estimating the quantities and characteristics of

the wastes to be treated and provide perspective for waste management costs and construction

requirements.
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1.1.3 Was te Descriptions and Classifications

The primary wastes , which result from operation of the primary fac ilities , are classified

by radiation level and by transuranic element content as well as by waste category (e.g., gaseous ,

liquid, combustible solid, failed equipment , etc.). Both the non-TRU and TRU wastes from the

post-fission LWR fuel cycle are described even though non—TRU waste management, exce p t fo r

post-fission gaseous wastes , is outside the scope of this report.

Data are summarized in Tables 1.1.1 and 1.1 .2 for the primary wastes for both the once-

through and the plutonium plus uranium recycle cases. Wastes for the uranium-only recycle case

are in most cases not markedly different from those of the plutonium plus uranium recycle case.

TABLE 1 .1.1. Primary Wastes from Facilities Generating TRU Wastes

Rad ionucl ~e Con tent, CI/MTHM
(a)

Vol ume , Fission Activation
Facility and Waste Type Fuel Cycle m3/MTHM Products Acti nides Products

Nuclea r power plant Once-Through

Spen t fuel~~~ 0.4 3 x 10 6 1 x lO~ 2 x 1O~
FRp (c) Rec ycle

Fuel res i d ue 0.32 8 x 102 1 x 102 9 x lO~
Hi gh-level liquid 0.6 1 x 106 2 x - -

waste
Gaseous wastes 1.8 x 106 8 x 4 x 1O~~ 6 x lO~
Combustible and 1.8 2 x 10 1 1 x 102 --

com pac ta b le  was tes
Miscellaneous liquid 0.15 2 x 102 2 x 102 --

and particulate solid
wastes

Failed equipment and 0.65 3 4 x lO l --
noncombusti b le  wastes

MOX FFP Recycle

Gaseous wastes 2.2 x 10 -- 4 x lO - -

Combustible and 0~ 12 (~J) -— 1 x 102 --

com pac tab le  waste
Miscellaneous liquid o.O74~~ -- 2 x 10 1 -—

and part i culate sol id
wastes

Fa i led equ i pment and 0~080(d) -- 1 x 10 1 
--

noncombus ti b l e wastes

a. Ci/MTHM of spent fuel ; in the MOX FFP cases , multiply by 5 to obtain
Ci/MTHM fabricated . Based on 0.5 yr after discharge for spent fuel , 1.5 yr af ter
discharge for FRP , and 1 yr after reprocessing for MOX FFP.

b. Spent fuel is a waste onl y in the once-throug h fuel cycle .
c. Excluding some wastes from the storage basin and UF6 convers ion portions of the FRP

(which are included in Table 1.1.2). 3d. m3/MTHM reprocessed . Multiply by 5 to obtain m /MTHM of MOX fuel fabricated .

- ~~~~~~~~~~~~~~ ~~~~~~~~~ . -



1.1.4

TABLE 1.1 .2. Primary Wastes from Facilities Generating Non—TRU
Wastes

Rad ionuclide Content, Ci /MTHM~~Volu me, Fission Ac tivation
Fac i l i ty and Waste Type Fuel Cycle m3/MTHM Products Actin ides Products

Nuclear power plant Recycle or
once- through

Combus tible and corn- 5.4 2 x lO~ -- 2 x lO~
pac tab le  was tes

M iscellaneous liquid 9.5 1 x io 2 —- 4 x 101

and particulate solid
wastes

Failed equipment and 1.2 5 x 1O 2 -- 5 x lO~noncombus tible wastes

ISFSB Once-t hrough

Gaseous was tes 7 x 106 8 x 10-2 -— 4 x 10-6

Combustible and corn- 1.2 x lO~~ —- 4 x lO~~pac tab le  wastes
M i scellaneo us l i qu i d 0.052 3 -- 6 x lO~and part i cula te sol id

wastes
Fa iled equipment and 0.16 2 x lO~~ -- 4 x lO~~noncombustible wastes

FRP~
1
~ Recyc le

Gaseous wastes 1.3 x 106 8 x lO~~ 5 x lO~~ - -

Combustible and 0.66 3 x 10~~ 3 x lO~~ 6 x lO~~conipactable wastes

Miscellaneous liquid 0.59 2 7 x lO~~ 5 x lO~and pa rti cu la te
sol id was tes

Failed equipment and 0.06 1 x lO~~ --  3 x lO~~noncombustib le wastes

a. Based on 0.5 yr after discharge for nuclea r power plant, 3.5 yr after discharge for
ISFSB , and 1 .5 yr after discharge for FRP.

b. Some wastes from the storage basin and UF 6 conversion portions of the FRP .

1 .1.4 Waste Management Alternatives

Alternative methods described for managing the various TRU and gaseous wastes are summarized

in Table 1 .1.3. In many cases , other alternatives were also considered , bu t are no t descr i bed
in detail. Many of the interim storage alternatives were evaluated for independent federa l

loca tions as well as for on—site application.

Final dispositon of treated wastes will involve isolation in a geolog ic medium ; salt is

the reference medium but others were considered and described. The waste management alterna-

tives of Table 1 .1.3 that are indicated by asterisks make up the remainder of the reference

integrated waste management system for the indicated ruel cycle.
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TABLE 1.1.3. Summary of Waste Management Alternatives Described~~

Waste
- - - ~a~~te ~~pe Fuel ;j c r e~~~ - ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ 

• 
~~~1~ -

~~~~~~ I ~a~ k a q i r  a~ k a q e d  — wa’.er La . ’
Pv c k a q ~ r3 - water bas i- -
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1 .1.5 Secondary Wastes

Seconda ry wastes are wastes produced during management of the primary wystes. Such

wastes generated in the reference integrated waste management system for the plutonium plus

u ranium recycle case are summarized in Table 1.1.4. Compari~ on of these data with those for

the primary wastes (Table 1 .1.1) shows the secondary waste volume s to be generally about 15% or

less of that of the corresponding type of primary waste except for the miscellaneous liquid and

parti culate sol i d wastes ; the volume of second ary TRU waste of th i s type i s actuall y greater

than the volume of primary TRU waste of this type . The greater volume is caused by the incinera-

tion of the primary combustible waste , which results in the generation of secondary waste

off-gas scrubber solution as well as incinerator ash. An overa ll reduction in total waste

volume does result from incinerat ion , howeve r , because the volume of incinerator ash and

scrubber solution is much less than the volume of combustible waste.

- ______
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TABLE l .’.4. Secondary TRU Wastes from Reference Recycle System

Rad ionuclide Content, Ci1MTHM~~Fac i l i ty and Volume , Fission Activation
Waste Type m3/MTHM Produc ts Act i n i des Prod ucts

FRP
Combustible and corn- 0.28 3 x 1O~ 5 x lO ’

~ 9 x lO~~
pac tab l e  was tes

M i scella neous l iq u i d an d 0.287 7 1 x 102 9 x i0~
particulate solid
was tes

Noncomb ustible wastes 0.075 1 x 101 2 x lO
_ l g x lO

_ l

MOX FFP
Combust ible and com- 0 006 (b) 

- - 2 x lO~~ --
pac ta b le  was tes

M i scellaneous l iq u i d an d 0.O69~~ -- 4 x io 1 --
particulate solid
was tes

Noncombus ti ble wastes O .OOl~~~ -- 1 x lO~~ --

a . Ci/MTHM reprocessed ; in the MOX FFP cases , multi ply by 5 to obtain Ci/MTHM
fabricated. Based on 1.5 yr-aged fuel at FRP and 1 yr after reprocessing
fQr MOX FFP. 3b. m 3/MTHM reprocessed. Multiply by 5 to obtain m /MTHM of MOX fuel fabricated.

1.1 .6 Scope of Technology and FacijJ~y Descriptions

The bases for the facility design concepts and the way these concepts were developed are

detailed in Section 3.6. Experts in each of the areas of waste management technology sel ected

the design alternatives and the reference processes (from those iuent ified as commercialized or

available technology ) and developed preliminary facility descri ptions. An architect eng ineering

firm completed the facility descriptions , develo ped the capital cost estimates , and estimated

the construction requirements and impacts. This information along with results of evaluations

of potential emissions and accidents , costs and safeguard requirements was then consolidated

and presented in a standardized format , that included :

1 . Process Al terna tives
2. Fac i l ity Design Bases
3. Process Description

4. Facility Description

5. Operatin g and Ma i ntenance Requ irements
6. Secondary Wastes

7. Emissions

8. Decommissioning Considerations

9. Pos tu l a ted Acc i dents
1 0. Costs
II. Construction Requirements

12 . Effects of Fuel Cycle Options
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1.1 .7 Accident Analysis Basis

The primary emphasis in the analysis of accidents was to identify accidents with potential

for offsite radionuc lide releases; however , accidents with a potential for internal contamina-

tion or increased exposure to workers were also identified. An accident spectrum was developed

which is believed to be generically representative of potential accidents in comercial radio-

active facilities , although many of the postulated accidents might be eliminated by advanced

plant desi gn or operational techniques . Accident frequencies and source terms were estimated

and the accident scenarios were classified into three accident severity groups: minor ,

modera te, or severe depending on the quantity of hazardous mater ial released or the extent

of increase of radiation fields in occupied zones.

1 .1 .8 Cost Analys i s Bas i s

The ra di oact i ve was te mana geme nt cos ts a re deta i led as ca pi tal  cos t, operating cost ,

and levelized unit costs for the various waste management facilities and systems :

• Cap ital costs are derived by estimating requirements for major equipment , buildings and

structures , site improvements , and direct construction labor , and factoring these direct

cost estimates to generate other direct costs as well as indirect construction costs ,

architect-engineer (A—E) costs , and owner s costs. Owner s costs consist of all costs

incurred by the owner within his own organization in connection with the facility con-

struction which normally do not form a part of the A-E or contractor scope of work. Owner s

costs include such things as interest during construction , land acquisition costs , equip-

ment spares , startup costs , insurance , etc. The sum of the above components is the

reported tota l capital cost.

• Operating costs include labor , process ma terials, utilities , ma int enance , ove rhea d , and

other miscellaneous i tems identified with the labor force or production. The number of

man— hours , quantities of materials , and requirements for utilities have been der 4 ved in

each case from the facility descriptions. The allowances for maintenance materials ,

overhead and miscellaneous costs have been derived by factoring either capital or direct

la bor costs.

• Level ized unit costs are calculated charges per unit jf production sufficient to recover

all capita l including interest charges on debt and equity and pay all operating expenses

including taxes and insurance. For this study , weighted costs of capita l (interest charges

on debt and equity) are estimated at 7 and 10% for government and private facilities ,

respectively. Unit cost ranges for government facilities corresponding to a range o~ cost
of capital from 0 to 10% are also shown.

A cons tant dollar method of analysis is employed in which all costs , bot h p resen t and future ,
are expressed in terms of the buy ing power of the dollar in mid-1976. Costs are escalated to

a mid-1978 basis for this summary using a factor of 1.17. Both the 1976 and 1978 costs are

shown in the summary.

,•— - - ~~~~~~~~~~
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1 .1 .3 Safeguards and Physical Protection Requirements Bases

Key features of safeguards and physical protection measures employed to prevent ti e willful

release of radioactive md ter ial and to prevent the sabotage of nuclear facilities include

definition of the threat , consideration of attractiveness and accessibility of the wastes and

a description of the physical protection and safeguards measures that can be eloplemented.

1.1. 10 Fuel Cycle Projections

Both a reference nuclear power growth projection of 400 GWe installed in the year 2000

and a low-growth projec tion of 255 OWe installed in the year 2000 are developed . Schedules
for installati on of fuel cycle facilities that would be required for the implementation of

both projection s are presented .
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1 .2 WASTE TREATMENT TECHNOLOGY

Section 4 describes conceptua l processes and facilities for treating gaseous and various
transuranium (TRU) wastes produced during the post-fissi on portion of the LWR fuel cycle. The
goal of the treatment process for TRU wastes and for long-lived radionuc lides removed from the
gaseous waste streams is to convert these wastes to stable products su itable for isolation in
geolog ic repositories . Treatment concepts are based on available technology ; they do not neces-
sarily represent an optimum design but are representative of what could be achieved with current
technology. In actual app l i cations , these concepts probabl y w i l l  be im proved , which might be
reflected in either more effecient processes or l ower environmental impacts or both . These
conceptual descr i pt i ons provide a reasonable bas i s for cost anal ysi s and for development of
estimates of environmental impacts.

Technology areas for which waste treatment alternatives are described are :

Report Summa ry
Sec ti on Sec ti on 4 Top i cs Sect ion

4.1 High -level liquid waste solidification 1.2.1

4.2 Packaging of fuel residue 1.2.2

4.3 Failed equipment and noncombustible waste treatment 1.2.3

4.4 Combustible and compactable waste treatment 1.2.4

4.5 Degraded solvent treatment 1.2.5

4.6 Dilute aqueous waste pretreatment 1.2.6

4.7 Imobilization of wet and solid wastes 1.2.7

4.8 0ff-gas particle removal systems 1.2.8

4.9 Fuel reprocessing plant dissolver off-gas treatment 1.2.9

4.10 Process off-gas treatment 1.2.10

4.11 Fuel reprocess in g p la n t atmospher i c protect i on syste m 1 .2 .11

In most cases more than one alternative is evaluated for each technology area. One alterna-

tive is selected as the reference system process to permit evaluation of secondary waste effects

and ot her system impacts . In two of the areas , dilute aqueous waste pretreatment and off-gas

part i c l e  removal systems , the descriptions are limited to generic discussions of facilities.

Appl ication of waste treatment alternatives to TRU wastes is limited to the facilities

(the fuel reprocessing plant and the mi xed-oxide fuel fabrication plant) required to implement

one of the fuel cycles involving recycle. This is because the wastes generated in the once-through

fuel cycle (except for the spent fuel itself) are considered to be non-TRU wastes and thus out-

side the scope of this report. The management of spent fuel as a waste in the once-through fuel

cycle pr im a r i l y i nvo l ves storage , transportation , an d disposal of the spent fuel ; the only opera-

tion that is considered to be waste treatment” is packaging of the spent fuel . Because the con-

ceptual packag ing facility is desi gned as a modular addition to an independent spent fuel storage

bas i n , th is operation is described in the storage technology portion of the report (Section 5).

The pluton i um pl us uran i um recycle system genera tes the most TRU waste beca use MOX FFPs are

operated as well as FRPs. The amount of TRU waste generated at an FRP may also be greater in the
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plutonium plus uranium recycle system than in the uranium-only recycle system , but this differ-

ence is not expected to be substantial. The treatment processes described in Section 4 are

based on handling the wastes generated in the plutonium plus uranium recycle fuel cycle.

Table 1.2.1 summarizes the quantities of packaged wastes resulting from the various reference

system waste treatment processes ; the information is correlated by waste container type and by

the radiation dose rate at the surface of the containers. These waste quantities include the

effects of secondary wastes generated during the treatment of the primary wastes. Table 1.2.2

sumarizes the cost estimates developed for the various reference system waste treatment pro-

cesses and Table 1 .2.3 contains radionuc lide release estimates developed for the operation of

these processes .

Follow ing these tables are brief descriptions of the various types of waste and of the

treatment processes evaluated. Comparisons of major features of the reference system processes

w ith those of other available alternatives are also given .

TABLE 1 .2.1. Reference System Packaged Waste Output from 2000 MTHM/yr FRP and
400 MTHM/yr MOX FFP(a)

Waste Canisters /yr Boxes/yr~~ Drums/yr~~
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Locat ion HLW (d) ILW (e ,f) ILW(f) LLW(g) ILW(f) LLW(g) Volume , m3/yr

High — level
waste FRP 657 -- - -  - —  — -  -— 145

Fuel residue FRP - - 480 - -  - -  - -  - -  667

Failed equipment
and nonc ombust ible FRP -— 71 —— 60 4417 483 1363
waste MOX FFP -- -- -- 20 -- 394 164

Combustible and
compactable FRP -- -- --  - -  400 - - 83
waste MOX FFP - - -- -- - -  -- 50 10

Wet waste and
particulate FRP - - -- -— -— 3355 2230 1172
solids MOX FFP -- -- -— -— -- 1655 344

Dissolver
off—gas FRP -- -- — -  -~~ 2(h) 46( h )

Vessel
off-gas FRP -- -- -- — -  (h) (h) - -

Ventilation
air FRP -- -- - -  -. (h) (h) — -

a. Based on recycle of plutoni um and uranium , nonTRU wastes not included except in gaseous waste case.
b. 1.2 x 1 .8 y 1.8 m (4.08 m3)
c. 55—g al (0.208 m3)
d. 30 cm in diameter and 3 m in length (0.22 m.~)e. 75 cm in diameter and 3 m in length (1.39 m
f. ILW containers are those non-HLW containers havin g surface dose rates in excess of 0.2 R/hr
g. LLW containers are those having surface dose rates below 0.2 R/hr
h. Filters generated here are included under compactab le waste
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TABLE 1.2.2. Costs of Reference System Waste Treatment Facilities and Operations

1976 Dollars 1978 Dollars
Cap ital Cost , Levelized UnIt Capital Cost , Levelized Unit

Waste Type Location 
- 

$1000 Cost , $/k~ HM (a) $1000 Cost, $/kg ~~ a)

High-level waste FRP 47,000 890kb) 55,000 10.40

Fuel residue FRP 15 ,000 4.20 17 ,000 4.90

Failed equipment and FRP 23,000 3.60 27,000 4.20
noncombustib le waste MOX FFP 3,200 0.50 3,700 .60

Combustible and FRP 14,000 2.90 17 ,000 3.40
compactabl e waste MOX FFP 5,500 0.85 6,400 1.00

Wet waste and FRP 14,000 2.00 6,000 2.35
particulate solids MOX FFP 11 ,500 1.60 13 ,000 1.85

Dissolver off-gas FRP 34,000 5.20 40,000 6.10

Vessel off-gas FRP 23,000 3.30 27 ,000 3.85

ventil ation air FRP 10 ,000 1.50 12 ,000 1.75

a. $/ kg HM reprocessed. In the MOX FFP cases , multi ply by five to obtain $/kg HM of MOX fuel
fabricated. The uncertainties in the unit cost estimates are 40 + 15%.

b. Does not include cost of lag storage and loadout facilities which are essential components
of reference-system hi gh level waste solidification (see Section 1.3.2.1).

TABLE 1 .2.3. Radionuc lide Releases Resulting from Reference System Waste
Treatment Operations(a)

Radionuc lide Release , Ci/yr
N~~#olati1 e Fi~sion Nonvolatile Activat ion

Waste Type Location Products (b) Act inides Products (C)
Hi gh-level waste FRP 8 x 10-2 8 x 10-8

Fuel residue FRP 8 x l0 ’
~ 1 x l0 ’

~ 4 10

Failed equi pment
and noncombustible FRP 6 x lO

_6 
7 x l0~~ 2 p l0 12

waste MOX FFP --- 5 x lO ’~
Combustible
compactable FRP 2 x lO~~ 1 x l0~~ 8 x 10~~waste MOX FFP --- 7 x lO~
Wet waste
particulate FRP 2 x 10 .6 2 x l0 6 8 x 1O~~solids MOX FFP ---  9 x 10 12

Dissolve r
off-gas FRP 8 4 x 10-8

Vessel off-gas FRP 4 4 x 10-6

Ventilation air FRP 3 p l0
_6 

4 x 1O ’
~

a. Released from the stack of the parent fac fl ity.
b. Nonvolatile fission products exclude 3H , ~~Kr, and 

129 1. During FRP operation with refer-
ence off-gas systems releases of these materials amount to about 7 x lO~ Ci/yr of 3H .2 ii 106 Ci/yr of 85 kr , and 7 x 10-2 Cl /yr of i29~

c. 14C as C02 is a vol~~ i1e activation product. During FRP operation with reference off-gas
system s release of C ameunts to about 11 Cl/yr.
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1 .2.1 Hi~ h-Level Waste Treatment

The hi gh-level waste (HLW) stream of a typical nuclear fuel reprocessing plant is comprised

primari ly of the aqueous effluent from the first solvent extraction contactor. This effluent

contains essentially all of the fission products and transuranic elements (except for plutonium )

that are present in the spent fuel

The assumption for the reference system is that the HLW is solidified within a short time

after it is generated . An alternative approach involves tank storage for several years before

solidification.

The reference system HLW solidification process is vitrification (conversion to glass).

Another well developed alternative is calcination (conversion to oxides); this alternative is

also desc ribed . Less well developed alternative solid waste forms are supercalcine , sintered

g l ass , metal matrices , glass—ce ramics , coated pellets , and ion exchange media.

The reference vitrification process is spray calcination/in-can melting. Al ternative

vitrification processes include the continuous melting process , the rotary kiln calcination /

continuous melting process , the batch evaporation and melting process , and the direct-liquid-

fed/continuous melting process.

The product of the reference vitrification process is a borosi licate glass containing about

one part HLW oxides and two parts glass-forming additives by weight. It is a stable product

resistant to water leaching. The vitrified product is contained in seal-welded stainless steel

canisters 30 cm in dia and 3 m in length. Each canister contains the solidified high-level waste

(SHLW ) resulting from the processing of 3 MTHM of fuel. Repository limits on canister heat—

generation rates may require a reduction in the quantity of SHLW in each canister either by

dilution or by reducing the size of the canisters. Either method increases the number of

can isters .

Continuous fluidized—bed calcinat ion is the reference calcination process. Other calcina—

ti on processes in volve th e use of pot calc i ners , spra y ca lc in ers , or rotary kilns . The product

of the reference calcination process is a thermally-stabilized , granular , free-flowing powder.

The powder is sealed in stainless steel canisters 20 cm in dia and 3 m in length. A smaller

d i ameter can i ster is used for waste calc i ne than for waste glass to prevent overhea ti ng at the
center line of the canister (the therma l conductivity of calcine is approximately 25% that of

glass). Howeve r, each process produces approximately the same number of canisters.

Table 1 .2.4 provides some comparative data for the reference vitrification and calcination

al ternatives for a reprocessing rate of 2000 MTHM/yr.

F ift ee n pos tu l a ted acc i dents were exam i ne d for these h i gh—level waste treatment alternatives .

The most severe postulated atmospheric release amounts to that conta i ned in lO~~ kg of ca lc i ne .

No spec ial safeguards and physical protection requirements were identified for the solid-

ifca tion process. Key factors here are the protected location of the operations , the extremely

hi gh radiation level of the processed material , and the relatively low plutonium content of

the material.
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TABLE 1.2 .4. Comparative Cost and Radionuclide Release Data for the Vitrification
and Calc ination Alternatives , Rep rocess i ng Rate 2000 MTHM /yr

Total Nonvolatile
Cap i tal Cost , Level ized Unit Packaged Waste Radionuclide

Al ternative $1000(a) Cost , $/kg HM(aj Package/yr Volume , m3/yr Release, Ci/yr(b)

Vitrification 47,000 8.90 657 145 8 x l 0
_2

(55,000) (10.40)

Calcination 65,000 11 .10 683 67 4 x lO ’
~

(76,000) (13.00)

a . Mid-1976 dollars (mid—1978 dollars in parentheses). The uncertainty in the unit cost
estimates is 3O—35~ .

b. Release d from the stac k of the parent  fac i l i ty .

1 .2.2 Fuel Resi due Treatment

Fuel residue waste material consists of the residue (fuel element hardware and chopped

cla dding material) remaining after the bulk of the fuel core material , including most of the
actinides and fission products , has been d i ssolved in ni t r ic  ac id i n a chop and leach process .
The residue is contaminated with low level s of actinides and fission products and contains

essenti all y all the act i va ti on products formed i n the hardware and cladd i ng ma terial .

In the reference system treatment process , the un compacted f uel res id ues a re d ri ed then
packaged under dry sand in sea l welded stainless steel canisters. The sand insures that any

phyrophor ic Zircaloy fines will not catch fi re. A material other than sand (e.g., hel ium) could

be used as t he package f i l l e r mate ri al . Each can i ste r i s 75 cm i n d i a by 3 m lo ng a nd con ta i ns
the fuel residue from the processing of about 4 MTHM of fuel.

Alte rnative processes include volume reduction of the cladding portion of the fuel residue

by mec han i cal compac ti on or by mel ting . Press compac ti on was selec ted as the reference concep t

for mechanical compaction; other concepts considered were high-energy rate compaction , extrusion ,

swaging, and flattening. The Inductoslag process was selected as the reference melting concept;

in this process the mel t is inductively heated and is insulated from a water-cooled crucible by

a la yer of frozen slag. Other melting concepts considered required different crucible materials

and/or heating methods.

The press compaction process produces 97-kg compacts 23 cm in dia by 0.71 m long. The

melting process produces 390-kg i ngots 23 cm in dia by 1.45 m long. Twenty-eight compacts or

fourteen i ngots can be packaged in the same size canister as that used for the uncompacted

residue. The packaged waste volumes resulting from the three alter native processes described

in this report are compared in Table 1.2.5 along wi th the costs and radionuc lide releases.

Two postulated accidents were examined for the fuel residue treatment processes . The

quantity of tritium contained in 1 to 10 kg of hulls is postulated to be released in these

acc idents but no significant release of nonvolatile rad ionuc lides is expected .
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No special safeguards and physical protection requirements were identified for the fuel

residue treatment processes. The plutonium content is quite low , the radiation l evel is high

enough that speci al handl i ng i s requ i red , and the operations are conducted in protected locations .

TABLE 1 .2.5. Comparative Cost and Radionuclide Release Data for Fuel Residue
Treatment Al ternatives , Reprocess ing Rate 2000 MTHM/yr

Total Nonvola tile
Cap i tal  Cos t, Level ized Unit Packaged Waste Radionuc lide

Al ternative $1 000(a) Cost , $/kg HM(a) Y~]j~ ie2.,jii3 ’~r Release , Ci/yr (b)

Packag ing with— 15 ,000 4 .20 670 1 x lO
_ 6

ou t compact ion (17,000) (4.90)

Compaction of 17,000 3.90 400 1 x lO~
6

hulls (20,000) (4.60)

Mel t i ng of 23,000 4.40 270 1 x lO
_ 6

hulls (27,000) (5.20)

a . Mid—1976 dollars (mid—1978 dollars in parentheses). The uncertainty in the unit cost
estimates is 25-35%.

b. Released from the stack of the parent facility .

1 .2.3 Treatment of Failed Equ i pment and Noncombust i ble Waste

The genera tion of small items of noncombustible waste is more or less routine and predict-

able at an FRP or a MOX FFP . The failure of large items of process equipment , wh i le  no t
rout i ne , will certainly occur. Failed equipment will require rapid removal and replacement to

m inimize its effect on plant efficiency . Metal is the primary constituent of failed equipment

and noncombust i ble waste , but substances such as glass and concrete are also present.

Reference treatment of these wastes involves packaging them either in 55-gal drums ,

1 .2 x 1 .8 x 1 .8 m steel boxes , or can isters like those used for the packaging of fuel residue .

Treatment may also involve decontamination and/or disassembly prior to packaging. The refer-

ence system includes decontamination of failed equipment (but not of noncombustible waste )

and disassembly of the failed equi pment i tems that cannot be packaged directly. Only the

reference concept is described because there are no significant alternatives available.

Data describing the output, the costs , and the emissions for this treatment process are con-

tained in Tables 1.2.1 through 1.2.3.

Two postulated accidents were examined for the failed equipment and noncombustible

waste treatment process. Nei ther accident results in any radionuclide release.

No special safeguards and physical protection requ i rements were identified for this process.

The plutonium content is quite low for failed equipment and noncombustible waste , and the

operat ions are conducted in protected locations .
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1 .2.4 Treatment of Combustible and Compactable Waste

These waste materials includ e ventilation filters, which remove suspended narticles from

gaseous streams ; severely degraded extractant , wh ich could result from operational malfunc tions;
and ion exchange resins , which may be generated during product or extractant purification steps.
General combust i ble  trash , wh ich consists primarily of cloth , paper , wood , plastics an d rubber
is the major part of these waste materials.

The reference system treatment process involves incin eration of the combustibles and com-

paction of the ventilation filter glass -fiber media. Two incinerators are used in the FRP , one

to process LLW and one to process ILW; one incinerator is used in the MOX FFP. These are dual

chamber incinerators . They have a limited air supply in the lower chamber to maintain quiescent

burning. An excess of air and additional propane in the upper chamber thoroughly burn the gases

evolved from the l ower chamber. The off-gases are scrubbed for removal of acidic gases and

particulates , and the scrubbing solution (after prior concentration in the case of the FRP) is

sent along with the incinerator ash to the wet waste and particulate solids immobilization facility .

Ventilation filters are treated in the reference system by punching out and pelletizing

the filter media , packaging the pelletized media in drums (along wi th metal filter frames , if

they are present), and shredd i ng an d bu rn i n g  wooden f i l ter frames .

The alternative treatment process that was evaluated involves packaging the combustible

and compactable waste in drums except for the severely degraded extractant , which is burned in

a special incinerator. This alternative is referred to as minimum treatment. Treatment by

compaction and by shredding followed by immobilization in a solid matrix were also considered .

Table 1.2.6 compares features of the incineration and minimum treatment alternatives.

E i g ht pos tu l a ted acc id ents we re exa mi ned for these combust i ble  and com pac tab le  was te treatment
al ternatives. The most severe postulated release of nonvolatile radionuc lides amounts to about

lO~~ of the annual input. This release could occur if a fire that is severe enoug h to r e su l t
in failure of the cell HEPA filters started in the feed preparation line.

No special safeguards or ph ysical protection requirements were identified for these waste

treatment processes unless tie drums containing ventilation filters from the MOX FFP are dis-

tinguishable from the other waste drums . The drums containing the MOX FFP filters might con-

tain un to 200 g of Pu per drum but the number of such drums would be only about 2% of the

total number; this results in a target considered to be too diffuse to be a likely candidate

for theft as these drums are not distinguishab l ’e from others.

1 .2.5 Degraded Solven t Treatment

Solven t that is degraded to the ex tent that purification by the normal treatment system

is impossible or impractical is a waste requiring disposal. A separate solvent incinerator is

decc ribed for th is purpose. Such an incinerator would be needed should a treatment process

other than incineration he chosen for trea tment of the other combustible wastes . The refe rence
solvent incinerator operation a tomizes the feed into a forced-convection incineration unit.

A nother approach that was considered involves burning the solvent on a quiescent liquid surface

with a second-stage burner to complete the oxidation of organic vapors and unburned carbon.
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TABLE 1 .2.6. Comparative Cost and Radionucli de Release Data for Combustible and
Compactible Waste Treatment Alt ernatives , Rep rocessing Rate 2000 MTHM/yr

Total Nonvolatile
Ca pi tal Cos t, Leve l i zed U nit Pack aged Waste Rad i onucl id e

Alternative 51000(a) ,s/~9 ç ~~b) Volume , m3/yr Release, C ifyr (c)

I LW a t FRP
Incineration 8,800 1.90 345(~~ 1 x l0~~(10 ,000) (2.20)

Minimum 16 ,000 3.10 2375 1 x 10 8
treatment (19,000) (3.60)
plus

Solve nt
incineration

LLW at FRP

I nc i nerat i on 5 ,500 1.00 38O~
’
~ F x 10 12

(6,400) (1.20)

Minimum 6,000 0.90 2500 1 x lO
_ 13

treatment (7,000) (1.10)

LLW at MOX FFP
Incineration 5,500 0.85 235(d ) 7 x

(6,400) (1.00)

Mi n imum 2 ,500 0.35 328 2 x 1O
_ 1 2

treatment (2,900) (0.40)

a. Mid—1976 dollars (mid—1978 dollars in parentheses). The uncertainty in the unit cost estimates
is 35.

b. S/kg HM rep rocessed . In the MOX FFP cases , multiply by five to obtain S/kg HM of MOX fuel fabricated.
c. Released from the stac k of the paren t fac i l ity .
d. Pelletized fi l ter media plus incinerator ash and off-gas scrubbing solution immobilized

in cement. Neither costs incurred nor emissions from cementation included here.

The capital cost of the reference forced-convection unit is estimated at $8,000,000 and the

level ized unit cost is estimated at $1.40/kg HM (mid-1978 dollars). The atmospheric release of

no nvo la t i le  rad i onuc l ides i s es tim ated to be 4 x l O~~ C i/y r. These amou n ts were i ncluded in the
values l isted in Table 1.2.6 for the minimum trea tment plus solvent incineration case.

Five postulated accidents were exami ned for the solvent incinerator. The most severe postu-

lated release of nonvolatile radionuc lides amounts to about io
_8 

of the annual feed activ ity .

No spec ial safeguards are required for the solvent incinerator because of the solvent ’s low
radionuc lide content. In addition , the process would be carried out within the FRP , w h i c h  is we l l
safegua rded .

1 .2.6 Dilute Aqueous Waste Pretreatment

The initial step for treating most aqueous waste streams is some type of concentration

process that converts the liquid waste feed material into two product streams : 1) a concentrated

liquid , slurr y, or particulate solid containing the bulk of the radionuc lides and nonradioactive
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chemicals and 2) a purified liquid containing significantly reduced contaminant concentrations.

The processes utilized for these initial concentration steps include evaporation , i on exchange ,

f i l t rat i on or cent ri fuga t i on , reve rse osmosis , and electrodialysis. Onl y brief generic descrip-

tions of these processes are provided because they are more closel y related to main plant opera-

tion than to waste treatment. The concentrated waste streams produced by these processes require

add iti onal  waste trea tment , wh ich is discussed in the following section.

1.2.7 Trea tment of Wet Wastes and Particulate Solids

In the reference system the wet and particulate solid TRU wastes include: 1) the concen-

trated aqueous intermediate-level liquid waste (ILLW) stream resulting from the final solvent

extraction purification cycles , 2) sol id materials used in the final purification and the fluor-

ination of the uranium product , an d 3) waste materials resulting from incineration of combust-

ible wastes. The ILLW could be deleted from this list by solidifyin g it wi th the high-level

l i qu i d was te . Io n exchange res i ns , which  i n the reference system are i nc in era ted , could be
added to the list as an alternative to their incineration.

These wastes are to be immobilized in a liquid free form before their ultimate disp osition.

The reference system immobilization process is cementation in steel drums using a drum-tumbling

system. This process involves mixing wastes with cement ~n drums and allowing the mixture to

harden to a liquid — free product. In—drum mixers and in-line mixers are also available. The

alternative approach selected for evaluation is bitumenization by a continuous screw extruder

process. Batch stirred—eva porator and continuous turbulent film evaporator bitu rnenization

processes are also available. Other alternative approaches not evaluated include i mmobili zation

by a urea-formeldahyde process , packaging with various absorbents to immobilize the water , and
immobilization by various polymeric solidification processes.

The Output of a wet waste and particulate solids imm obili zation facility depends to a con-

siderable extent on the process chosen for treatment of the combustible waste. Table 1.2.7

shows comparative data for cementation and bitumenization with incineration or minimum treat-

ment of combustible waste . These data are for a reprocessing rate of 2000 MTHM/yr.

The packaged waste volume is markedly l ower in the bitumenization case than in the cementa-

tion case. This is because the water contained in the waste is driven off by the bitumenizatio n

process but not by the cementation process.

Eight postulated accidents were examined for these immobilization processes . The most

severe postulated atmospheric release of nonvolatile radionuc lides amounts only to that con-

ta i ned in about 10— 6 kg of fixed waste; this postulated accident involves cel l HEPA filter

failure during a bitumen fire.

No spec ial safeguards or physical protection requirements were identified for these i mmobi-

l ization processes. ~ e trea ted wastes con ta i n r e l a t i vel y little plutonium or other radio—

nuclides and the treatment processes make them more difficult to recover. In addit ion , the

processes would be conducted within the FRP , wh ich is well safeguarded.

- - ~~~~~~~~~~~~~~~~~~~~~~~ -
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TABLE 1.2.7. Compara tive Cost and Radionuc lide Release Data for Cementation and
Bitumenization with Incineration or Minimum Treatment of Combustible
Was te, Reprocessing Rate 2000 MTHM/yr

Tota l No n vola ti le
Capita l Cost, Leve li zed Unit Packaged Waste Radionuclide

Alterna tive $l000(a) Cost , 5/kg HM (a,b) Volu me , m3/y~~ Release , C i/yr (c)

Combustible Waste Incineration

Cementa ti on
at FRP 14 ,000 2.00 1172 4 x 10 6

(16,000) (2.35)

at MOX FFP 12 ,000 1.60 344 9 x lO
_ 12

(14,000) (1.85)

Bitumenization )
at FRP 14,000 2.00 534 4 x 10 6

(16,000) (2.35)

at MOX FFP 12,000 1.60 112 9 x l0
_
~
2

(14,000) (1.85)

Combustible Waste Minimum Treatment

Cementation
a t FRP l4 ,o0o~~ 2.oo~

’
~ 530 3 x l O

_6

(16,000) (2.35)

a t MOX FFP 12 000(d) 1 60 (d) 12 3 2 x l O~~
2

(14,000) (1.85)

Bitumenization

at FRP 14,ooo~~ ~~~~~ 291 3 x lO
_6

(16,000) (2.35)

a t MOX FFP 12 000(d) 150 (d) 97 2 x lO _ 12

(14,000) (1.85)

a. Mid-1976 dollars (mid—1978 dollars in parenthesis ). The uncertainty in the unit cost estimates is 35~. .
b. S/kg HM reprocessed . In the MOX FFP cases , mult iply by five to obtain S/kg HM of MOX fuel fabricated.
c. Re leased from the stack of the parent facility .
d. Assumi ng same immobilization facility as in the incinerated mode.

1.2.8 Off-qas Particle Removal Systems

Off-gas streams from processes and operations associated wi th fuel storage , fuel reprocess-

ing , and mixed-oxide fuel fabrication contain radionuclide-contaminated particles . These par-

ticles require removal before the off-gas streams can be released to the atmosphere .

Prefilters are used to remove most airborne particles larger than 10 tm. Available pre-

fi l ter shapes , sizes , filter media , and removal efficiencies are discussed. High-e fficiency

pa rticulate air (HEPA) filters , which are used for most efficient removal of smaller particles ,

are also discussed . Removal efficiencies of 9O1 by a prefilter and 99.9~ by each stage of HEPA

filtration were used to estimate particulate radionuclide releases in this report. These removal
e~ficiencies are lower than those usually measured ; therefore , their use in  est imat i ng releases
provides a degree of conservatism to the release estimates.

—-~~~~~~~~~~~~~~~
-

~~ 
- - -
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Alternative particle removal systems considered were electrostatic prec ipita tors , bag
fi lters , and wet collectors . These systems are used in normal industrial air cleaning appli-

cations but have not found extensive application in nuclear facilities.

Special safeguards and physical protection measures may be required for filters
remove d from gl ove boxes whe re PuO 2 is processed.

1.2.9 FRP Dissolver 0ff-Gas Treatment

Operation of a fuel reprocessing plant can result in release to a gaseous stream of most if

not all the fission product tritium , krypton , and iodine and also the activation product carbon-l4.

Important quantities of fission product ruthenium can also enter a gaseous stream .

The reference FRP operation results in the release to the atmosphere of virtually all the

tritiu r present in the spent fuel. Essentiall y all the tritium is present as tritiated water

and is released from the plant in a vaporized excess water stream .

The dissolver off-gas stream from the dissolution of spent fuel contains practically all the

~rypton , iodine , and carbon present in the spent fuel . The stream also contains a small fraction

of the ruthenium. The reference dissolver off-gas treatment system removes the bulk of these mate-

rials from the off-gas stream. The ruthenium is first removed by adsorption on silica gel , and
tne iodine is then removed by adsorption on a silver-loaded adsorbent. After removal of residual

oxides of nitrogen (in a catalytic reactor) and water vapor , CO2 is removed from the off-gas by
molecular sieves (Zeolite beds); the sieves are periodically regenerated and the carbon- l4 is

ultimatel y recovered as calcium carbonate. Finally, the krypton is removed from the off-gas by

a cryogenic fractional distillation process , yielding a final product containing 80T krypton;

this final product is placed in high—p ressure gas cylinders for storage. The iodine-loaded

adsorbent and the calcium carbonate are packaged in drums and treated li k e TRU wastes because

of thei r long hal f-lives (1.6 x lO~ yr for 
129 i and 5700 yr for 14C). The ruthenium loaded

adsorbent a fter being packaged in steel drums is sent to a burial ground for non-T~U was tes .

Alternative methods of iodine —1 29 removal include scrubbing the qas stream with aoueous

solutions such as caustic , mercury nitrate-nitric acid, or 20 to 22 molar HNC 3. Alterna tive

rdetb ods of carbon- l4 removal include caustic scrubbing and absorptio n in a liquid fluoroca rbon.

An alternative method of krypton removal is by absorptio n in a liquid fluoroca rbon . None of

these alternatives are described in this report because of either che ir low efficiency or their

incomplete development.

Data on the combined reference dissolver off-gas treatment system are conta i ned in

Tables 1.2 .1 - 1 .2.3. Al so considered were the recovery of only iodine , of ca rbon pl us i odi ne ,

~nd of krypton plus iodine , (using the same processes as in the combined system). The cost

data for these alternatives are compared in Table 1.2.8. The cost of the three separate

alternatives is greater than that o~ the combined system because of some identical fe?tures of

the carbon and krypton removal processes.

Fifteen postulated accidents were examined for the dissolver off—gas t’eatme nt processes .

Most of the accidents that resulted in radionuclide releases involve ~bort-ter shutdcwn nf a

treatment process, thus allowing a short-term a tmospheric release of a volat ile rad 1on j~~ 1’1 e if

- -— -__-__ -.-._ 
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TABLE 1.2 .8. Comparative Cost Data for Alternative Dissolver Off-Gas
Treatment Systems , Reprocessing Rate 2000 MTHM/yr

Cap ital Cçst , Level ized Unjt
Elemen ts Removed $1 000(a) Cost, S/kg HM~.’~

)

I + C + Kr 34,000 (40,000) 5.20 (6.10)

I only 11 ,000 (13,000) 1.70 (2.00)

C (following I) 7,000 (8,000) 1.00 (1.20 )

Kr (following I) 22,000 (26,000) 3.40 (4.00)

a. Mid—1976 dollars (mid—1978 dollars in parentheses).
The uncertainty in the unit cost estimates is 40%.

the shutdown occurs during fuel dissolution. One accident , an explos ion in n oxygen recom—

biner , is postulated to release 53 Ci of Kr-85 at ground level.

The on1~ special physical protection requirement identified for the dissolver off-gas

treatment processes i nvolves the krypton stored in gas cylinders . An uncontrolled release

of this concentrated material could be hazardous and precautions are necessary to prevent this

from occurrin g.

1 .2.10 Process Off-Gas Treatment

A separate system , the vessel off-gas system , i s i nc lude d i n the FRP to serve process
vessels and equipment other than the dissolver and shear. This system removes iodine , again

by adsorption on a silver-loaded adsorbent , and filters process gas streams to remove parti-

culate material. The estimated costs of and emissions from this facility are included in

Tables 1.2.2 and 1.2.3.

Three postulated accidents were examined for the vessel off-gas treatment process. The

onl y one resulting in radionuc lide release involves a shutdown of the off-gas system .

A similar process off-gas system to treat the off-gas from cask venting and leaking fuel

assembl ies a t an I SFSB i s a lso  described .

No special safeguards and phys i cal p rotect ion requiremen ts were id enti fi ed for these
process off-gas treatment systems .

1 .2.11 FRP Atmospheric Protection System

Another gaseous waste treatment process is the atmospheric protection system CAPS) used

to provide fina l filtration of the ventilation air. Three systems that differ only in the type

of prefi lter used before the final passage through high-efficiency part iculate air (HEPA)

filters are described . The reference system uses Group III prefilters , which are extended-medium ,

dry , throw-away type prefilters . The other alternatives described are the sand filter and the

deep-bed glass fiber filter systems . Table 1.2.9 compares the costs of these three alternative

prefilter/HEPA fi lter systems ; all of the systems provide a DF of lO~ for pa rti cula tes .
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TABLE 1 .2.9. Comparative Cost Data for Alternative Pref ilter Systems ,
Reprocess ing Rate 2000 MTHM/yr

( Leve l i ze d ~n i t
Pref liter Alternative Capital Costs, $1000 a )  Cost , S/k~~ HM~~

)

Group III Filter Module 10 ,000 (12 ,000) 1.50 (1.75)

Sand Fi l ter 24,000 (28,000) 3.20 (3.75)

Deep Bed F i be r F i l ter 11 ,000 (13,000) 2.15 (2.50)

a. Mid—1976 dollars (mid—1978 dollars in parentheses). The uncertainty in
the unit cost estimates is 35-40

Fou r postulated accidents were exami ned for the APS alternatives. The largest postulated

radionuc lide release amounts to 0.01 Ci; this release occurs from the rupture of a final HEPA

filter.

No special safeguards and physical protection requirements were identified for the APS

alternatives .
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1 .3 INTERIM STORAGE TECHNOLOGY

Section 5 describes conceptual facilities for interim storage of various treated trans-

uranic (TRU) and gaseous waste products produced during fuel reprocessing and mixed-oxide

fuel fabrication . Al ternatives for interim storage of spent fuel prior to reprocessing or

geolog i c i sola ti on are a lso  desc ri bed . The sto rage co ncept s a re based on ava i l a b l e  tech nolog y.

They do not necessarily represent optimum designs , but are representative of what could be

achieved with current capabilities. In actual applications some improvements could probably

be made in these concepts , resu l t i ng in more effi ci ent operat i on , l owe r env i ronmenta l imp ac ts ,
or both. These conceptual descriptions provide a reasonable basis for cost analysis and for

developme n t of est ima tes of env i ro nmental  i mpacts .

In this summary , the int er i m storage tec hn olog i es are di scussed as they a re comb in ed i n
waste management system applications, rather than the order i n wh i ch they are desc ri bed in
Section 5. This was done to facilitate the explanation of the function and importance of each

technology . The contents of Section 5 and location where each component is discussed in this

summary are as follows :

Report Summary
Sec ti on Section 5 To p ics Sec ti on

5.1 High-level liquid waste storage 1.3.2.1

5.2 Fuel residue storage 1.3.2.3

5.3 Other transuranic non-high-level solid waste storage 1.3.2.4

5.4 Solidified hig h-level waste storage 1 .3.2.1

5.5 Plutonium dioxide storage 1.3.2.5

5.6 Krypton storage 1.3.2.2

5.7 Storage and packaging of spent fuel 1.3.1

Imp lementati on of many of these alterna ti ves wi ll depend on the tim i ng of geolog ic reposi-
tory ava i lab i l i ty as well as on the fuel cycle chosen .

1. 3.1 Interim Storage in the Once—Through Cycle

The reference once-through fuel cycle includes two definite waste management requirements ,
1) storage of unpackaged fuel in water basins (either nuclear power plant basins or independent

storage basins ; only storage in independent basins is evaluated here), and 2) packaging of the
spent fuel for the final repository . If a repository is not available at the time the fuel is
read y fo r f i nal  i sola t i on , the packa ged fuel will require interim storage until the repository
is available. Dry caisson storage is assumed . Cost and emissions data for these reference
al ternatives are summarized in Table 1.3.1. The following paragraphs contain more information
on these alternatives and also provide comparisons with alternatives studied but not included
in the reference system.
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IABLE 1. 3.l . Inter im Storage in the Once-Through Cycle Reference System

Levelized UnIt Nonvolatile Radiogyçl i de
Cost, $/kg HMIa) Release . Ci/yr d°)

Facility Capacity , MTHM Capita l co~t. Priva~e1y Feder~lly Fission Activation
Storage Operation R~ceivin g Storing $l000sda ; Owneddc) 0wned~C) Products Products

Reference System

Unpackaged fuel in 2000/yr 3.000 220,000 113.3 57.3 5 x 10-2 7 x 1O~independent storage (260.000) (132.6) (67.0)
basins
Fuel packaging 2000/yr —- 109.000 25.3~~ 156 (d) i x io 2 3 p

(130,000) (29.6) (18.2)

Added to Reference System in Case of Deferred Repository Availability

Packaged fuel in 2000/yr 20,000 290.000 -- 19.0 —- --

dry caisson (340,000) (22.2)

a. Mid-1976 dollars (mid-1978 dollars in parentheses). The uncertainties in the unit cost estima tes
are 25-35%. 3 14 85 129b. Released from full facility . Nonvolatile radionuclides exclude H. C, Kr, and I.

c. Costs for privately owned facilities arE, higher than Federally owned facilities because of taxes and a
higher cost of money .

d. Includes incremental cost of modifying an independent storage basin to service a conti guous packag ing
facility.

1. 3.1.1 Storage of Unpackaged Fuel

After the fuel i s discha rged from the nucl ear power pla nt , it is stored to allow short-

l ived radionucli ies to decay , thus dec reasing the radiation l evel and the heat generation rate .

Except for the fi rst 0.5 year of storage wh i ch i s assumed to alwa ys be i n the power plant bas in ,

this interim storage of the unpackaged fuel can be done at either the power plant basin or at

an independent spent fuel storage facility (ISFSF), also sometimes referred to as away from
reactor or AFR storage. The reference process for the short-term storage of unpackaged spent

fuel i s the water bas i n storage metho d , used success fully for over 20 years . Storage i n
air-cooled vaults was also considered but not in detail. For the reference system , short-term

storage for 6.5 years is assumed before the fuel is packaged for the final repository or for

longer term storage.

The reference ISFSF has a storage capacity of 3000 MTHM. Two types are described , 1) a

sepa ra tel y loca ted one hav in g t he capac i ty to sh ip an d receive fuel at  ra tes u p to 500 MTH M/yr,
and 2) one that is colocated with a fuel packag i ng fac i l ity and has the capac ity to rece i ve up to
2000 MTHrI/yr. Cost and emission estimates for the latter type are included in Table 1.3.1 . The

ca p i tal cost of the f i rst type of ISFSF i s l ower by $24 m i l l i o n , but the levelized unit costs

are taken to be the same in the two cases , and the incremental costs are assigned to the fuel

packaging operation.

Fou rteen postulated accidents were examined for the water basin storage of unpackaged spent

fuel . None result in the atmospheric release of any nonvolatile radionuclides . Krypton-85

is the predominant volatile radionuc lide that will be released as a result of accidents ; the

la rgest pos tu la ted release is  5000 C i , wh ich would result from a criticality accident.
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No spec i al physical protection and safeguard requirements beyond those required for vital

facilities and special nuclea r materials access areas were identified for this technology .

1. 3.1.2 ~~~~~j~n~~of Spent Fuel

I n th e refere nce p a c k a g i n g  process , cleaned and dried fuel assemblies are individually

packaged in helium-filled steel (stainless steel if subsequent storage will be in water) con-

tainers that are then seal wel ded .

The spent fue l packag ing facility is assumed to be colocated with an ISFSF that has been

mod ified to increase its receiving capacity to 2000 MTHM/yr to match the packag ing facility

capac ity . Cost and emission estimates for the packaging facility are contained in Table 1.3.1.

Six postulated accidents were examined for the spent fuel packaging facility . The largest

atmospheric release of radionuc lides is expected to result from dropping a fuel assembly; should

20% of the fuel rods rupture , a release of 2 x lO
_8 

Ci of n o n v o l a t i l e  rad ionuc l ides and 180 C i of
85Kr and other volatile radionuclides is estimated.

No special physical protection and safeguards requirements beyond those required for

vital facilities and special nuclear materials access areas were identified for this technology .

1.3 .1.3 Interim Storage of Packaged Fuel

In terim storage of packaged fuel will be necessary if final waste isolation facilities are

not available at the time of packa ging. The reference concept for storage of packaged fuel is

the dry caisson concept. In this concept the packaged fuel is pl ace d in a below grade steel
ca i sson, wh ich is closed with a concrete plug. This concept relies on the soil to conduct the

rad ioacti ve decay heat from the spent fuel to the earth ’s surface , where it is dissi pa ted to
the atmosphere. Alternative packaged fuel storage concepts that were also evaluated are water

bas in sto rage , natural-draft air-cooled vault storage , and surface cask storage. All of these

concep ts assume facility expansion in 2000 MTHM modules up to an ultimate capacity of 20,000

MTHM . Costs of these alte rnative storage methods are compared in Table 1.3.2 (Federal owner-

shi p is assumed).

TABLE 1 .3.2. Estimated Costs for Interim Storage of Spent Fuel

Cap i tal ço~t, Levelized Unit
Stora ge Method $l000s~

8J Cost, $/kq HM (a)

Dry ca isson 290,000 (340 ,000) 19.0 (22.2)
Surface Cask 220,000 (260 ,000) 25.8 (30.2)
Ai r-cooled vault 510 ,000 (600,000 ) 29.8 (34.9)
Water basin 250 ,000 (300,000 ) 32.8 (38.4)

a. Mid- 1976 dollars (mid- 1978 dollars in parentheses). The
uncertainties in the unit cost estimates are 20-25%.



1.3.4

Costs are based on the assumption that the packaged fuel storage facilities are located on

the same site as the packaging facility . If the interim storage facility is located at a

site separate from the packaging facility , then an independent site receiving and shipping

facil ity must be colocated with the interim storage facility. This receiving facil i ty has
the capacity to receive or ship a tota l of 2000 MTHM/yr. The capital cost of such a facility

is estimated to be $79 million and the levelized unit cost is estimated to be an additional

$8.10/kg HM (assuming Federal ownership).

Eighteen postulated accidents were examined for these packaged fuel storage technol-

og ies. The largest atmospheric release is estimated to occur during a criticality incide nt

in a water basin; the expected releases from such an incident would be no greater than those

descr i bed earlier for packaged fuel storage.

No spec ial physical protection and safeguard requirements beyond those required for

vital facil ities and special nuclear materials access areas were identified for these

pac kaged fuel storage technolog i es .

1 .3.2 Interim Storage for Reprocessing Cycle Wastes

The reference plutonium p lus uranium recycle system includes two definite interim storage

requirements 1) five-year storage of solidified hi gh-level waste (SHLW ) in a water basin , and
2) storage of the separated krypton. If a repository is not available at the time the wastes

are ready for final isolation , interim storage will also be required for fuel residues and for

the other transuranic non-hi gh-level solid wastes ; extended storage of SHLW will al so be

needed . Cost and emissions data for these reference alternatives are summarized in Table 1.3.3.

The following paragraphs contain more detail ed information on the reference alternatives and also
provide comparisons with alternatives studied but not included in the reference system.

Inte rim storage requirements for a uranium-only recycle system would be essentially identi-

cal to that for the plutonium plus uranium recycle case except for the possible addition of

plutonium dioxide storage facilities . Such a facility is also described .

1 .3.2.1 High-Level Waste Storage

rn the reference system high-level liquid waste (HLLW ) is solidified i rnniediately followed

by storage for cooling purposes of the packaged solidified hi gh-level waste (SHLW) for 5 years

in a water basin adjacent to the FRP. The reference water basin facility thus has the capacity

to hold the SHLW result i ng from reprocess i ng 10 ,000 MTHM of fuel . The SHLW packages are then

shipped to a geolog ic repository or to an interim storage site if a repository is not available.

The reference concept for use at an interim storage site is the sealed storage cask con-

cept. In this concept , the SHLW package is p laced i n a h i g h- integrity metal  cask that is con-

ta ined in a reinforced concrete radiation shield. Air circulating by natural convection between

the shield and the sealed cask removes heat that is generated within the SHLW . The reference

sealed storage cask facility has an initial capacity to store 2000 canisters of SHLW (the waste

from reprocessing 6,100 MTHM ) an d can be expanded in 2000 canister modules to an ultimate

capac it y o~ 20,000 canisters .
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Data for these two stages of SHLW interim storage are included in Table 1.3.3. No other

alternat ives were evaluated in detail , but the a lternatives discussed in Section 1 .3 .1 .3  for
pac kaged fue l  could  be used for SHLW as wel l .

Twenty postulated accidents were examined for these solidified high-level waste storage alter-

nat ives . The most severe atmospheric release is estimated to involve only 0.003 Ci of mixed fission

products. This release is postulated to result from a tornado striking the water basin stor-

age facility .

The physi cal protecti on and safegua rd requ i remen ts of the FRP are adequa te also for the wa ter
bas in storage of solidified high-level waste. The massive enclosures of reinforced concrete

used in the sealed cask method of storage provide substantial protection by themselves; addi-

tional protection would be provided by security personnel at the storage site .

An al ternative to immediate solidification of RLLW followed by storage of the SHLW for

cool ing purposes is to store the HLLW for an extended period before the HLLW is solidified.

If this alternative is chosen , the preferred method would almost certainly involve the stor-

age of acidic RLLW in large subsurface stainless steel tanks. This concept was examined ~n

deta il. The cost data are summarized in Table 1.3.4.

TABLE 1 . 3.4. Estimated Interim Storage Costs for HLLW

L Capital cost, Level i ze d U n j t
$l000s (a) Cost , S/kg HM~a)

4 - year storage ca pac ity 240,000 33.0
(280,000) (39.0)

5 - year stora ge ca pac ity 271 ,000 36.0
(317,000) (42.0)

a. Mid-1976 dollars (mid—1978 dollars in parenthesis). The
uncertaint y in the uni t cost estimate is 30~ .

The storage of l i q ui d HLW i s c lea r l y an ex pens ive  a l t e r n a t i ve compared to storage of sol i d ifi ed
HLW (Table 1.3.3). In either case , the sh ipp ing facil ity i s also req uir ed and it s costs
(Table 1.3.3) must be factored into the overall picture .

Nonvo la ti le  rad i onc l i de releases to t he a tmos phere from the fi l l e d  HLLW storage fac i l i t i es
a re est im ated to be 1 x l 0’

~ Cl/yr of fission products and 2 x l0
_6 

Ci/yr of actinides.

Eight postulated accidents were examined for the tank storage of HLLW. The most severe

postulated atmospheric release amounts to less than l0~~ kg of HLW calcine equivalent.

The tank design features employed to provide safe conta i nment of this intensely radioactive

solution are such that additional physical protection measures are not required to guard against

theft or sabotage .

1.3.2.2 ~~~torage

The high—pressure gas cylinders contain ing the krypton recovered from the dissolver off—gas

stream of the FRP are stored in a special facility constructed adjacent to the FRP. In the

reference facility, gas cylinders are stored in cells that are cooled with refrigerated air,
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which removes the radioactive decay heat. Cylinder storage is planned for at least 50 years ,

after which the krypton (then containing less t han 4c of the initial amount of 85Kr) could be

released to the atmosp here.

The reference facility is designed to contain 10 years 1 prod uct f rom the re ference FRP
(about 145 cylinders/yr), wit h prov i si ons for ex pans ion every 1 0 years until a tota l of
30 years 4 storage capacity is reached at which time the FRP is assumed to be shut down. The

costs associated with krypton storage are included in Table 1.3.3 . No other krypton storage

concept  was examined in detail.

Four postul ated accidents were examined for this krypton storage technology . The most

serious involves rupture of a gas cylinder in the operating area or storage corridor. Should

this occur , u p to 1O 5 Ci is released to the stack and workers in the vicinity of the rupture

may receive si gnificant exposures .

The hysical protection features of the storage building itself and of the FRP site

at which it is located are expected to provide adequate protection against sabotage.

1.3.2.3 Fuel Residue Storage

If a repository is not available , the reference storage method for these wastes is storage

of the fuel residue canisters in near-surface caissons . The caissons are positioned vertically

in an engineered , above-g rade soil structure and are capped with a steel and concrete plug.

A n alternative storage concept was also evaluated in which the waste canisters were stored

inside sleeves in a concrete vault. Cost data were developed for the two alternative methods

for storing canisters of fuel residue (or for storing similar canisters containing failed

equipment) for 1) the case in which the canisters of fuel residue and failed equipment that

were filled during the first five years of one FRP operation are stored at the FRP site , 2) the

case in which the canisters that were filled during operation of all FRPs through the year 1990

are stored at an independent federa l site and 3) storage at an independent federal site of

th e ca ni s ters tha t we re fi l l e d durin g operat i on of a l l  FRPs th rough the yea r 1995 . These
data are compared in Table 1.3.5.

TABLE 1.3.5. Estimated Interim Storage Costs for Fuel Residues and
Similarly Pac kaged Failed Equipment

( Level i zed Unj t
Storage Cap it al Cost , 51 0005 1 a , Cost , S/kg HM1 a)

Location Nea r-Surface Vaul t  Near-Surface Vaul t

First 5 years ’ FRP 35 ,000 120,000 10.50 35. 40
output of 1 FRP (41 ,000) (140,000) (12.30) (41.40)

Output of all Independent 87,000 290,000 5.40 17.30
FRPs through (102 ,000) (340,000) (6.30) (20.20)
yea r 1990

Outp ut of all Independent 170 ,000 590 ,000 5.30 17.40
FRPs through (200,000) (690,000) (6.20) (20.30)
year 1995

a. Mid-1976 dollars (mid-1978 dollars in parentheses). The uncertainty in the unit
cos t estimates is 25S . 

~~~~~~~~~~~~~~~ - ‘ -
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Only one postulated fuel residue storage accident was identified as causing a radionuclide

release , the dropping and breaching of a filled canister. Such an accident was estimated to

result in the atmospheric release of about 4 Ci (predominantly acti vation products).

The low pluton ium content and the compact metallic form of the waste and the weight and high

su rface dose rate of the waste containers make fuel residue in interim storage an unattractive

and unavailable target for either theft or sabotage . No special physical pro tect i on requ ir emen ts
were i dentif ied .

1 .3.2.4 Interim Storage of Non-High—Level Solid Waste

Solid wastes that result from the treatment of failed equipment and noncombustible trash ,

the treatment of combustible and compactable wastes , and the treatmen t of concentra ted liqu i ds ,
wet wastes, and particulate sol ids are stored in 55-gal drums , in 1.2 x 1.8 x 1.8 m steel boxes ,

or i n canisters . The canisters are similar to those used for the storage of the fuel residue ,

and they are stored in the fuel residue storage facility described earlier. Other facilities

woul d be used for storage of the waste in the drums or boxes .

The reference system i ncludes storage of two di fferent fractions , low-level TRU wastes

(TRU-LLW) that are handled by direct methods such as shielded fork lift trucks , and intermediate-

level TRIJ wastes (TRtJ-ILW) that are handled remotely. The TRU-LLW packages have surface

radiation levels of <0.2 R/hr. The reference system is based on indoor storage of TRIJ-ILW and

outdoo r storage of TRU-LLW. Storage facilities may be located either at the FRP or MOX FTP

sites or at independent Federal sites .

In the reference concept, TRLJ-LLW is stored on an outdoor surface and covered with plastic

and earth. The other concept for TRU-LLW storage examined in detail is indoor unshielded storage

in conve n t ion a l wa rehouses constructed of precast concrete . Cost comparisons for these alterna-

tives at the site of generation and at an independent Federal site are given in Table 1.3.6.

TABLE 1 .3.6. Estimated Interim Storage Costs for TRU-LLW

~ Level i zed U9i t
Cap ital Cost, 510005 1 a, Cost, $/kg HM~a ,

b)
Storage g~,f~ement Location Outdoor Indoor Outdoor Indoor
F ir st 5 years out put FRP 1,100 1,300 0.35 0.40
of one FRP (1 ,300) (1 ,500) (0.40) (0.50)

F i rst 5 years output MOX FFP 1,000 1,000 0.32 0.32
of one MOX FFP . (1 ,200) (1 ,200) (0.38) (0.38)

Output of all FRP s Independent 3,900 5,900 0.30 0.40
and MOX FFP ’ s through (4,600) (6,900) (0.35) (0.45)
year 1990
Output of all FRPs Independent 5,700 9,700 0.25 0.35
and MOX FFPs through (6,600) (11 ,000) (0.30) (0.40)
year 1995

a. Mid—1976 dollars (mid—1978 dollars in parentheses). The uncerta inties in the unit
cost estimates are 20-30%.

b . $/kg HM reprocessed. In the MOX FFP case , multiply by five to obtain S/kg HM
of MOX fuel fabricated .
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A sh ielded storage building is the reference concept for storing TRU-ILW. The thick

cell walls prov ide the necessary radiation shieldi ng, and the waste packages are unloaded

and handled using a remotely controlled crane . The other storage concept for TRU-ILW examined

in detail is outdoor storage of unshielded containers in below grade caissons. Cost compari-

sons for these alternatives are given in Table 1.3.7.

TABLE 1 .3.7. Estima ted Interim Storage Costs for TRU-ILW

( .
~ 

Levelized UnIt
ç~pjtal Cost, 510005 1a 1 Cos t, S/kg HM~

a)
Storage Requ i rement Location Outdoor Indoor Outdoor Indoor

Fi rst 5 years outnut FRP 38,000 16 ,000 7.90 4.40
of one FRP (45,000) (19,000) (9.25) (5.15)

Outpu t of all FRP 1 s Independen t 11 0,000 47,000 5.10 2.30
through year 1990 (130,000) (55 ,000) (6.00) (2.70)

Ou tpu t of all FRP s Independen t 210,000 83,000 5.00 2 .20
through year 1995 (250,000) (97,000) (5.85) (2.60)

a. Mid-1976 dollars (mid-1978 dollars in parentheses). The uncertainties in the
un it cost estimates are 25-3O~ .

Seven pos tulated accidents were examined for these non-high-level solid waste interim

storage alternatives. The most severe atmospheric release is postulated to result from breach-

ing of a drum of ILW; the maximum release is esti mated to be about 0.01 Ci.

The overall physical security measures required at sites containing non-high-level

waste are sufficient to protect the public from misuse of this waste .

1 .3.2.5 Interim Storage of Pu02

This concept could be used if spent fuel is reprocessed for recycle of uranium before a

determination on the disposition of the plutonium has been made . In the reference concept ,

PuO 2 is stored in a vault-type structure that will contain a concrete storage slab in the

floo r of the vault. Steel-lined holes house containers specifically desi gned for Pu02 stor-
age and transport. These containers are pressure vessels made of stainless steel that are

des igned to hold canisters of Pu02 and to withstand an i nterna l pressure of 230 psig. The

canisters have filtered vents to allow gases generated i~ the can isters to pass into the

pressure vessel. The pressure vessel is equi pped w ith a manual vent to allow periodic con-

trolled release of gas pressure.

Storage fac i l it ies for  Pu0 2 could be located eithe r at the FRP or at an independent site .

Two different sized storage modules at the FRP are described , as well as a la rge module at an

inde pendent site. The costs of using these storage facilities to store the plutonium from

a 10—year production at the reference FRP and to store all of the plutonium recovered to the

year 2000 in the reference system are compared in Table 1.3.8.

The emission of nonvolatile radionuclides from a full 200 MT Pu02 module is estimated to

be about l0’
~ Ci/yr.
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TABLE 1 .3.8. Estimated Costs for Interim Storage of Pu02

Level i zed Unit Co~tCapital Cost, $10005)a S/kg HM Processed~a)
Module Capacity , Accumulate Accumulate to Accumulate Accumulate to

_____ 
Location 10 Years Year 2000 10 Years Year 2000

30 FRP 240,000 -- 28 .80 --
(280,000) (33.70)

200 FRP 210 ,000 -- 39.70
(250,000) (46.40)

200 Independent -- 900,000 -- 19.20
(1,050 ,000) (22.50)

a. Mid-1976 dollars (mid-1978 dollars in parentheses). The uncertainties in
the unit cost estimates are 20-30%.

Six postulated accidents were examined for the plutonium oxide storage concept. The most

severe radionuclide release is postulated to result from a criticality incident involving 1019

f i ss ions ;  such a n i nc id ent would release l 0~ Ci of volatile radionuclides as well as 2 x io~~ kg
of PuO2 (2 x l 0~~ Ci of actinides).

The physical protection and safeguards requirements for a plutonium oxide storage facility

woul d be very extensive. An engineered system incorporating intrusion resistant structures

and remote control techniques for normal handling and storage operations would likely be used .

Furt hermore, movements would be monitored by rad i ation and metal detectors and ala rms and by
direct searches at points of exit.
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4 WASTE TRANSPORTATION TECHNOLOGY

Section 6 analyzes transportation requirements for post-fission TRU wastes that result

from the commercial LWR fuel cycle. The materials requiring transportatio n depend on the fuel

c .cle. As in the case of interim storage technology (Section 1.3), the transportation tech—

nolo gies are discussed in this summary as they are combined in waste management system applica-

tions rather than in the order in which they are described in Section 6. The conte n ts of
Section 6 and location where each component is discussed in this summary are as follows :

Repo rt Section Section 6 Topics Summary Section

6.1 Background information 1.4.1

6.2 Spent fuel 1.4.2

6.3 Sol idified high-level waste 1.4.3.1

6.4 Fuel residue 1.4.3.2

6.5 Plutonium 1.4.3.4

6.6 Non-high-level solid waste 1.4.3.3

1. 4.1 Background

All shipments containing nonexempt quantities of radioacti ve material are regulated by the

IJ~~5~ Department of Transportat ion (DOT) and the Nuclear Regulatory Commission (NRC ) .  Exemption

~‘-or~ the regulations is based on quantity of material and severa l other conditions. The regula-

tions prescribe shi pping container requirements , limitations on package contents , and packag ing

and hand ling procedures. Information is summ~~ized on:

• classification of radioactive materials for shipment

• low specific-acti vit , material

• type A packaging standards

• type 8 packaging standards

• nuclear criticality safety

• radiation dose rate limitations

• surface contamination levels

• e x t e r n a l  temperature
• shipment of radioactive m aterials with other hazardous materials.

Accident experience with radioactive material shipments in routine commerce shows that

about one package of radioactive material in 10 ,000 is involved in some kind of transport

acc ident. However , the incidence of material release is low . Most releases have involved low

specific-activit y material or type A packaging. Type B packaging, which is do~ igned to with-

stand severe accident situations, has an excellent record of package integrity .

1.4 .2 Waste Tra~~pp~~~t ion in the Once-Thro~~~~çyrle

The wast.n transportation activities in the reference once-through system include 1) shipment

of the unpackaged fuel frnr the nuclear power plant to a modif ied ISFSF co located w i th  a packaging
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‘i c i lit , and 2) shipment Df the packaged fuel to the fin al isolation facility . Al ternativel y

packaged fuel mi ght be shipped to a separate storage facility followed later by shipment to

t i na l  is o la t ion . 1noth er a lte rna t i ie  not considered in detail involves co locat ion of the
pac kap in g a’- ii ties with the fina l repository . This would eliminate one shipping step.

These shi pme’ ’- ise ~d ssive , heavi ly ~hie 1ded shipping casks capable of dissipating the

n t -a t res.11tj In~ fran the radioactive decay . Casks for the unpackaged fuel are licensed and

av~~11ab 1I- ~or both truc1 and rail t r a n s p o r t ;  those for truck t r anspo r t  con ta in  0. 4 to 1 .4 MTHM
(1 3 ~~~ or 2 to 7 BWR assemblies ) and range in wei ght from 22 to 36 MT and in heat rerno v~~

ci~~~ it. from 11 to 36 ~~~~ . The casks for rail t r anspo r t  con ta in  ~.2 to 4.5 M TH M (7 to 10 PW R
or 18 to 24 F~~ assembl ies)  an range in weight ‘when loaded fro x 63 to 38 NiT and have a

1ice ~sed heat ren~ov al  capac i ty  f rom 62 to 70 kW.

Shipment 0 the packaged fuel would necessi tate some changes in existing cask designs;

ma in l y a longer sh i pp ing cask and mod i f i ca t ion  of racks for holding fuel in the cask cavity .

A sui abl y nod if ied rail cas k based on a desi gn licensed for unpackaged fuel could transport

7 ~WR or 17 B. ° packaged assemb ~ ies.

Cost c .o - oar isons for the transportation act iv i t ies of the once-through cyc le are conta ined
in Table 1. 1 .1. Two types of rail ti ~nsport are considered : regu lar train transport and special
train transport used solel y for the shipment of spent fuel.

Fourteen postulated accidents during shi pment of fuel were exami ned. The most severe

accident subjects the cask to severe impact and fire; such an accident is estimated to release

of the contained nonvolat i le  fission products and actinides as well as 3~ of the contained

krypton and 1% of the contained iodine and tr it ium.

TABI...E1 . 4. i . ,..~~te Transportation Costs for the Once-Through Cycle

Unit Cost~~ ’~~Was te T~~~~~~rt~~~~e S/k HM
Unpackaged ~~ ent. Fuel Rail (regular) 14 - 20 c

(16 - 2 3)

Ra il (special) 18 - 26~~~(21 — 30)
Truck 16

(19 )
Pac kaged Spent Fuel Rail (regular) 20(d)

(23)

Ra il (special ) 26(d)

(30)

a. M id—1976 dollars (mid—1978 dollars in parentheses). The uncertainty
in the unit cost estimates is 5 0 .

b. Based on 1000 mile shipping distance .
c. Estimates for two different presentl y licensed shipping casks.
d. Based on modification of the more cost-effective cask licensed

for unpackaged fuel.
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Spent fuel is more accessible to theft or sabotage during transport than when at a fixed

site; however , even while it is being transported the fuel is an undesirable target. Additiona l

safeguard procedures are available should their implementation be deemed necessar y.

~.4.3 Waste i C~~~p2.Ctation in the Reprocessing Fuel Cycles

For reprocess ing fuel cycles , the TRU—waste transportation operations ship the packe~~a

TRU waste from the FRPs and MDX FFPs to interim storage and/or final repository facilities.

Shipment of ~~ent fuel to the FRP is also required , but this is not truly a waste transportation

operation in the reprocessing fuel cycles; such shipments would be essentially identica l to those

described as waste transportation in the once-through cycle.

Packaged TRU wastes that must be shipped in the plutonium plus uranium recycle system are

the solidified high-level waste , the fuel residue , and the non-high-level solid wastes . The

uranium-only recycle systems also ship these wastes ; in addition , plutonium oxide must be

sfip :e1 to storage if it is not incorporated in the SHLW.

Tie costs of these reprocessing fuel cycle waste transportation activities are listed in

Table 1.4.2. iescri rtions of transportation requirements for each waste type follow.

TABLE_ 1.4.2. Waste Transportation Costs for the Reprocessing Fuel Cycles

Unit
Was te Trans port Mode

Solidified High- Rail (regular) 2.80 (3.30 )
Level Was te Ra il (special ) 4.20 (4.90)

Fuel Res idue Rail (regular) 3.00 (3.50)

Ra il (special) 5.80 (6.80)

~lon- Hig h-Level Truck and Rail (d 2.45 (2.90)
Sol id Waste

Plutonium uJx jde~~ Truck 0.70 (0.80 )

a. M id-1976 dollars (mi d-1978 dollars in parentheses ) per kg of heavy
metal  pr ocessed , assuming the use of the reference waste treatment
alternatives described in Section 1.2. Uncertainties range from
15 for non-high-level waste to 50 for SHLW.

b. Based on 1 500—mile shipping distance
c. Failed equipment in canisters similar to fuel residue canisters

is shipped by rail.
d. Only in the uranium-onl y recycle system in which plutonium is

stored separately.

1.4.3.1 Transpov~tation of Solidified Hi g~l-Level Was te

Solidified high-level wast~ is expected to be shipped in casks that resemble those currentl y

available for shipm ent of spent fuel. Waste ~hipme nt s could be by rail or truck; rail shipment

is ~be reference transport system. The reference rail cask weighs about 100 MT , will d issipate
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up to 50 kW of internally genera ted heat , and will hold nine hig h—level waste conta iners 30 cm

in dia and 3 m in length or 36 containers 15 cm in dia and 3 m long. A special rail car and

mounting system is used to transport the cask; the car and mounting equipment wei gh about 50 MT.

Five postulated accidents were examined for shipment of solidified high-level waste . The

most seve re accident involves the combination of severe impact and fi re . Such an accident is

estimated to rel ease 5 x 10— 6 of the con tai ned radi onuc lides i f the was te product i s calc in e
a nd 5 x 10-8 of the contained radionuc lides if the waste product is glass

The phys i cal p rotect i on and sa feg ua rd requ i rem en ts fo r the tra nspor tat i on of s o l i d i fi ed
high-level waste would be no greater than those for the transportation of spent fuel.

1.4.3.2 Transportation of Fuel Residue

Fuel residue is also expected to be shipped in casks that resemble those currently avail-

able for sh ip ment of spent fuel . However , casks for this purpose could be simpler in design

because neutron shielding would not be required and heat remova l requirements would be much

reduced. Fuel residue shipments could be by rail or truck. Rail shipment is the reference

transport system. The reference rail cask is assumed to weigh about 65 MT and is capable of

t rans po rti ng th ree refe rence waste can i sters .

Four postulated accidents were examined for shipment of fuel residue. The most severe

acc ident involves the combination of severe impact and fire . Such an accident is estimated

to release 10— 6 of the contained radionuclides as respirable particles .

No add it ional  phy s i cal protect ion and sa feguards  measu res w o u l d  be necessa ry for fue l

residue transport beyond those provided for safety protection .

1.4.3.3 Transportation of Non-High—Level Solid Waste

The steel drums and boxes containing the non—high-level solid waste are presumed to be

contain ed i n su it able over packs du ri ng sh i pment by truck or ra i l . These ove rpacks may be
shielded or unshielded , depen ding on the radiation dose at the surface of the ~isposab 1e con-

ta iner. Drums and boxes which do not require shielding are assumed to be transported in a

Su per T i ge r®, which is a double-walled steel box with a fire-resistant filler. The Super Ti ger®

wei g hs 6 ,800 kg , and the max imum payload i s 13 ,600 kg. A total of 36 drums (55-gal) can be

accommodated . A shielded van that meets required package standards or a Super Ti ger® _type

overpack that in corporates some sh i eld in g would have to be constructed for sh ippi ng conta i ners
wit h surface dose rates in the 1 R/hr range. Truck casks are available that incorporate

several inches of lead or other shielding material and meet required standards. Two such casks

are cons idered in the reference system , 1) a cask with 5 cm lead p l u s  2 cm steel sh i eld i ng
(su itable for 1 to 10 R/hr drums ) and a capacity of fourteen 55—gal drums and 2) a cask with

10 cm lead plus 2.5 cm steel shielding (suitable for >10 R/hr drums ) and a capacity of six

55—gal drums .
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Four postula ted accidents were exami ned for shipment of non-hi gh-level sol id waste . The

most severe accident involves the combination of severe impact and fire ; such an accident

is estimated to release l0~~ of the contained radionuclides as respirable particles .

No special safeguarding during shipment of these wastes is required .

1 .4.3.4 Transportation of Plutonium

In the uranium—only recycle mode in which plutonium is stored , pluton ium dioxide is

assumed to be the plutonium compound transported. The reference container for the shipment

of Pu02 is an overpack wh ich contains the pressure vessel in which the Pu02 is to be stored.

The overpack contains a neutron-absorbing solid material and lead to provide gamma shielding.

The total weight of the conta iner , wh i ch holds 32 kg PuO2, i s about 1640 kg . Truck sh ipm ent
is the reference transport system , and 10 conta iners will be transported per shipment.

Because of the stringent controls on packaging and shipment of plutonium oxide , no accidenta l
release of material is postulated for such shipments .

Pluton i um oxide is an attract i ve target for theft, an d i t wo u ld  be a more accessible  target
dur ing transport than at other stages of the fuel cycle. Thus , spec ial regulations have been

specif ied to protect the plutonium from theft or sabotage during shipment.

4. ... .. —.. - -
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1.5 FINAL ISOLATION TECHNOLOGY

The objective for the final Isolation of radioactive waste is to prevent it from becoming
a threat to huma n health and safety during its hazardous lifetime . Isolation of radioactive
wastes in deep geologic repositories is considered an effective means of permanent waste isolation
within the scope of available technology . Section 7 describes the geolog ic considerations
essential for repository selection , the nature of geologic formations that are potential
repository media , the thermal criteria for waste placement in geologic repositories and con-
ceptual repositories in four different geologic media. Alternatives to geologic isolation are
discussed extensively in DOE/EIS-0O46— D~

1
~ and are not descri bid in this report.

The contents of Section 7 and the locations where these topics are discussed in this
summa ry are as follows :

Report Sumary
Section Section 7 Topics Section

7.1 Background information on final isolation 1.5.1
7.2 Potential geologic formations 1.5.2

7.3 Geologic repository therma l criteria 1.5.3
7.4 Geologic repositories for the once-throug h

fuel cycle 1.5.4
7.5 Geologic repositories for the reprocessing

fuel cycle 1.5.5

1.5.1 Background

Since its earliest days , the nuclear power program has included the study of techniques
for the permanent isolation of radioactive wastes . Included in these studies has been the
development of technology for converting liquid or soluble wastes to leach—resistant solids and
final isolation of the solidified wastes. Solidifi cation not only decreases the potential for
an accidental release to the environment , but permi ts safe shi pment to a final isolation site ,
and generall y reduces the volumes of waste to be stored.

The concept of disposing of solidified radioactive wastes in cavities mi ned in salt beds
or domes was suggested in the late 1950s . With demonstration of solidification processes ,
the feasibility of storing solidified radioactive waste in buried sal t was explored in an
experiment known as Project Salt vauit (2) conducted in an unused salt mine near Lyuns , Kansas ,
between 1 963 and 1968. In this experiment , containers of highly radioactive test reactor fuel ,
used to simulate the radioactive and thermal properties of solidified waste, were buried (and
later retrieved ) and the effects on the salt were measured.

Based on the results of the waste solidification program and Project Salt Vault , the AEC
proposed use of the abandoned salt mine at Lyons . Kansas. as a oilot facilit y and an initial 

. ~
, .
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Federal repository for the disposal of comercial hi gh-level wastes , subject to the satisfactory
completion of certain additional tests and studies . However, when significant delays became

evident in the resolution of site—speci fic questions on possible routes of entry of water into

the mine , the AEC decided to termi nate further work at Lyons , and the site was retorned to its
owners contamination—free.

After the work at Lyons was stopped , studies were expanded to evaluate the suitability
of all potential geologic formations and rock types in the cont i nental Un i ted States for waste
repositories. Geolog ic formations under investiqa tion included : 1) rock salt , 2) crystalline
rocks , 3) argillaceous rocks , 4) carbonate rocks , and 5) volcanic rocks.

Currently, the Office of Nuclear Waste Isolation (ONWI) operated by Battelle Memorial
Institute for DOE is conducting broadl y-based studies including thermal anal ysis , rock mechanics ,
rock-waste interactions , was te m i grati on , risk analysis , etc., on potential repository media ,

as well as repository design and site ~.elect ion studies . ONW1 is currently engaged in investi-

gati on of sites for a repository in a salt formati on wit h plans for i nves ti gation of other
geologic media.

Ongoing studies in the Columbia River Flood Basalt are being conducted by Rockwell Hanford
Operations while similar studies of the Nevada Test Site shales and granites are being conducted
by the DOE Nevada Operations Office .

1.5.2 Potential Geologic Formations

The radioactive waste isolation goal may be met in different manners at different sites
because of the inherent variability of geologic environments . Accordingly, each prospective
repository location must be carefull y studied and evaluated to i dentify the uni que geologic
features of that specific site. The suitability of a site for waste isolation can be determined
only after these characteristics are adequately understood . Genera l requirements for a
repository site are classified by the following site characteristics:

• depth of isolation level

• properties and dimensions of host rock

• hydrogeology

• tectonic stability , faulting and seismicity

• relationship to natural resources

• presence of multiple geologic barriers to prevent release of radioactivity .

Four potential repository media, salt, granite , shale, and basalt, are described. Candidate

media, however, are not limi ted to these four types. Other media such as, for example ,

carbonate rocks may possess the necessary attributes to qualify for selection as repository

sites.

Based on typical geologic formations found throughout the U.S., generic site descriptions

have been developed for each of the candidate media. These site descriptions include a generic

stratigraphic section , hydrologic parameters , mechanical and thermal oroperties , and an
estimation of effects of environmental changes (time, temperature , pressure, moisture , etc.)

on the rock formations . These generic site descriptions form the basis for the conceptual
repository desi gns.
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1.5.3 Geologic Repository Thermal Criteria

Heat from wastes emplaced in the four geologic media will have definite impacts on:

• the Integrity and recoverability of the waste canisters

• mined room and pillar stability

• integrity of the waste matrix over long periods of time

• the integrity of the host rock and the surrounding rock units

• overlying aquifers and bouyancy effects on groundwater flow

• long term uplift and subsidence of overlying rocks .

To assure that the impact of the heat on these factors will not be detrimental to waste
i solation objectives , a systematic determination of the repository design therma l loads requires :

• establishment of physical limits for factors affected by heat

• determination of acceptable therma l loads that will not bring about conditions beyond
the assigned limi ts

• development of repository design thermal loads , taking into account safety , engineering,

and operational requirements.

Preliminary estimates of acceptable physical limi ts for factors affected by heat are
sumarized in Table 1.5.1.

TABLE 1.5 .1. Thermal and Thermomechanical Limits for Conceptual Design Studies

Event Limi ts

Far Field Considerations
Maximum uplift over repository 1.2 to 1.5 ~~~
Temperature rise at surface <0.50C(6)

Temperature rise in aquifers
Near-Field Considerations

Room closure during ready retrievability (5)period - salt <10-15% of original room opening
Room stability — granite , basalt rock (7)strength-to-stress ratio >2 within 1.5 m of openings
Room stability — shale wi th continuous (7)support rock strength— to—stress ratio >1 wi thin 1.5 m of openings
Pillar stability - non-salt strength- 7to-stress ratio >2 across mid -height of pillar

Very—Near-Fl el d Considerations
Maximum HLW temperature

• Glass 5000C(8)

• Calcine 7000C(8)

Maximum spent fuel pin temperature 2O0°C~
8
~

Maximum canister temperature 3750C (8)

Maximum salt temperature 250°C~
5
~

Maximum fracture of non-salt rock 15 cm annulus around canister~~ 

_ I  ~~~~ 
-
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The thermal loading limits that were used as a design basis for the conceptual repositories
described in this report to meet these physical limi ts are summarized in Table 1.5.2. The
thermal limits for the uranium-only recycle case are identica l to those of the once-through
cycle if the plutonium is included in the solidified HLW ; if the plutonium is stored separately
the l i mi ts are the same as in the uranium and plutonium recycle case.

TABLE 1.5.2. Conceptual Repository Desi gn Thermal Limits

Can ister Areal Thermal Loading Limits ,~~~Repository Limit kW/acre
Medium kW Once-Through Cycle U & Pu Recycle

Salt 3.2 40 100
Granite 1.7 130 130
Shale 1.2 80 80
Basalt 1.3 130 130

a. These desi gn limits are 2/3 of calculated allowable limi ts .

1.5.4 Geologic Repositories for the Once-Through Fuel Cycle

Repositories located in salt , granite , shale and basalt formations and serving require-
ments of the once-through fuel cycle consist of surface facilities that receive the canistered

F spent fuel assemblies, shafts and hoists that provide access to subsurface facilities , and
subsurface facilities that transport and emplace the waste. Repository descriptions are based
on conceptual repositories described in References 3 and 4 modified to accommodate the waste
forms described in this report. They do not necessarily represent an optimum design but are
representative of what could be achieved with current technology. All repository concepts are
based on utilizing an 800 ha (2000 acre) underground area . Because of variations in waste
emplacement criteria between different media , the capacities of the conceptual repositories are
different for each medium.

Waste handling facilities at the repositories contain standard remote handling and hot
cel l equipment designed to receive canistered spent fuel at the rates shown in Table 1.5.3.
Facilities are also provided for receiving and overpacking damaged canisters .

TABLE 1.5.3. Maximum Spent Fuel Receiving Rates

Geologic Final Year of Canisters MTHM
Medium Repository Operation PWR BWR PWR BWR

Salt 2000 7,500 11 ,000 3,500 2,100
Granite 2009 12 ,000 18,000 5,500 3,400
Shale 2002 9,100 14,000 4,200 2,600
Basalt 2009 12,000 18,000 5,500 3,400
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Initially the repositories are operated in a readily retrievable mode. This means that

all wastes could be removed from the repositories at about the same rate wi th about the same
effort as for emplacement. Emplacement rooms are not backfil led during this period , waste
canisters are placed vertically in steel sleeves that are sealed with a concrete plug in holes

o~ trenches in the floor of the emplacement rooms . The readily retrievable period spans the
initial five years of repository operation. This time provides a period for observing waste-
rock interactions and repository operations . In addition , all mining and excavation is com-
pleted during this five-year period permi tting examination of the entire host rock formation
within the repository boundaries prior to backfil ling of emplacement rooms.

After the readily retrievable period , use of steel sleeves is discontinued and rooms are
backfi lled as they become filled with canisters . Table 1.5.4 lists the contents of conceptual
repositories located in salt , granite , shale, and basalt formations at the end of emplacement.
Following completion of waste emplacement operations , corridors will be backfi lled , surface
facilities decommissioned and shafts backfil led and sealed.

TABLE 1.5.4. Contents of Alternative First Repositories

PWR BWR
Year Canisters MTHM Canisters MTHM

Salt 2000 68,200 31 ,500 104,000 19 ,600
Granite 2009 162,700 75,100 246,300 46,500
Shale 2002 86,300 39 ,800 131 ,000 24,700
Basalt 2009 162,700 75,100 246,300 46,500

Table 1.5.5 compares costs for the repositories in salt, granite , shale , and basalt.

TABLE 1.5.5. Costs for Repositories for the Once-Through Fuel cycle~~
Construction Total

Geologic and Mining Operating Decomissioning Levelized Uni
Medium Cost, $lOb Costs, $106 Cost, $106 Cost , $/kg HM~b)

Salt 880 500 21 44
(1,030) (590) (24) (52)

Granite 2,200 2,020 21 67
(2,600) (2,360) (24) (78)

Shale 1 ,100 690 21 49
(1 ,300) (810) (24) (57)

Basalt 2,600 2,040 21 74
(3,000) (2,390) (24) (87)

a. Mid— 1976 dollars (mid-1978 dollars in parentheses).
b. Estimated uncertainty is 50/.

Although no routine radioactive emissions were identified for the repositories , the
integrated annual release from minor accidents is postulated to resul t in the release of
5 Ci/yr of volatile radionuc lides (essentially all 85Kr) but no significant release of non-
volatile radionucl ides .
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Six design basis and eight very low probab ility non-design basis accidents such as a

strike by a meteorite on a major facility , were examined for these isolation technologies .

The only accident expected to occur with a significant frequency that results in a rel ease

of radionuc lides is a minor canister failure caused by rough handling . A radionuclide release

of 3 Ci (of 85Kr) is postulated to result from such an accident.

The physical protection and safeguards requirements for the once-through fuel cycle reposi-
tories would be comparable to those used at other fuel cycle facilities in which spent fuel
is handled. The surface facilities at the repositories would receive the principal emphasis.

1.5.5 Geologic Repositories for the Reprocessing Fuel Cycles

Section 7.5 describes repositories l ocated in salt , granite, shale , and basalt formations
operating in the three reprocessing fuel cycles : 1) uranium-only recycle with plutonium in
the high—level waste (Cycle 2a), 2) uranium —o nly recycle wi th Pu02 stored for future use or
disposal (Cycle 2b), and 3) uranium and plutonium recycle (Cycle 3). A repository operating
in support of any of these reprocessing fuel cycles is required to receive high-level waste
(HLW), fuel residue waste (FRW), and intermediate- and l ow-level transuranic (TRU) wastes .

The repository designs are based on conceptual repositories described in References 3 and 4
modified to accommodate the treated waste forms described in this report. The designs do not
necessarily represent an optimum design but are representative of what could be achieved with
current technology . As in the once-through fuel cycle repositories , all repository concepts
are based on an 800 ha (2000 acre) underground area . Because of variations in waste emplace-
ment criteria among different media, the capacities of the conceptual repositories are di fferent
for each medium.

Waste handling facilities at these repositories include standard remote handling and hot
cell equipment designed to receive HLW , FRW , and ILW , and shielded materials handling equipment
to receive LLW. These facilities are designed to receive wastes at the rates shown in Table 1.5.6.

Repositories for the reprocessing fuel cycles operate in the same manner and with the same
initial readil y retrievable period as described for the once-through fuel cycle reposi tory .
Table 1.5.7 lists the contents of conceptual alternative first repositories located in salt ,
granite , shale , and basalt at the end of emplacement operations . As in the case of the
once-through fuel cycle repositories , wastes are emplaced in a readily retreivable mode using
steel sleeves and concrete plugs for the canistered wastes for the first five years. All
mining is completed during this five-year period.

Table 1.5.8 compares the costs for the repositories in salt , granite , shale , and basalt.

No routine radioactive emissions were identified for the repositories. The integrated
annual release due to minor accidents for these facilities is estimated to be very low .
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TABL4 1.5.6. Maximum Waste Receiving Rates

Number of Containers per Year
Final HLW ‘d’ FRW ILW ILW LLW LLW
Year Canisters ’ ‘ Canisters Canisters Drums Boxes Drums

Cycle 2a~~
Salt 1999 2,300 1 ,600 240 27,000 170 9,100
Granite 2004 5,100 2,100 310 35,700 220 11 ,800
Shale 1997 4,600 1 ,300 200 22,000 140 7,400
Basalt 2002 7,200 1 ,800 270 30,000 190 10,000

Cycle 2b(t
~

Salt 2005 2,500 2,300 330 38,000 280 13 ,000
Granite 2004 5,100 2,100 310 36,000 270 12 ,000
Shale 1997 4,600 1 ,300 200 22,000 170 7,500
Basalt 2002 7,200 1 ,800 270 30,500 230 10,300

Cycle 3(c)

Salt 2003 2,900 2,000 290 33,000 350 23,000
Granite 2004 5,100 2,100 210 36,000 380 24,600
Shale 1997 4,600 1 ,300 200 22,000 240 15 ,600
Basalt 2002 7,200 1 ,800 270 30,500 330 21 ,400

a. Cycle 2a is uranium —only recycle with plutonium in the HLW .
b. Cycle 2b is uranium —o nly recycle with Pu02 stored for future useor disposal.
c. Cycle 3 is uranium and plutonium recycle.
d. HLW canister size depends on thermal limit of media and varies

from 15 to 30 cm diameter.

Nine design basis and eight very low probability non-design basis accidents were exami ned
for these repositories when used for reprocessing fuel cycle wastes . Only negligible atmospheric

release of radionuc lides is postulated to result from accidents that are expected to occur

with any signi ficant frequency.

The physical protection and safeguards requirements for the reprocessing fuel cycle

repositories would be comparable to those used at the facilities at which the wastes
are generated and stored. The surface facilities at the repositories would receive the
principal emphasis.
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TABLE 1.5.8. Costs for Repositories for the Reprocessing Fuel Cycles~~
Construction Total

Fue’ Geologic and Mining Operating 6 Deconuiiissioning Levelized Unit
Cycle (b) Medium Cost) $lOb Costs , $10 Cost, $106 Cost, $/kg HM~c)

2a Salt 930 710 24 48
(1100) (830) (29) (56)

Granite 1700 1560 24 65
(2000) (1880) (28) (76)

Shale 1100 680 24 61
(1300) (800) (28) (72)

Basalt 2000 1390 24 78
(2300) (1630) (28) (92)

2b Sa~ t 1000 1090 25 36
(1200) (1280) (29) (42)

Granite 1700 1610 25 65
(2000) (1880) (29) (76)

Shale 1100 680 25 62
(1300) (800) (29) (72)

Basalt 1900 1390 25 77
(2300) (1630) (29) (90)

3 Salt 1000 1030 25 41
(1200) (1210) (29) (48)

Granite 1800 1660 25 66
(2000) (1940) (29) (77)

Shale 1100 710 25 62
(1300) (830) (29) (73)

Basalt 2000 1490 25 80
(2300) (1740) (29) (93)

a. Mid-1976 dollars (mid-1978 dollars in pa rentheses).
b. Fuel cycle 2a is uranium—only recycle with plutonium to HLW.

Fuel cycle 2b is uranium-only recycle wi th plutonium stored for future disposition .
Fuel cycle 3 is uranium and plutonium recycle.

c. Estimated uncertainty is 50%.
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1.6 RETIRED FACILITIES DECOMMISSIONING TECHNOLOGY

Reactors and post-fission fuel cycle facilities become contaminated with radioactivity in

the course of power production , and in fuel cycle and waste treatment operations. Upon retire-

ment these facilities become components of the fuel cycle wastes. Management of these wastes

is commonly termed decommissioning. Various alternatives for decommissioning these retired

facilities are descr i bed in Section 8. Two basic decommissioning modes are considered. It is

assumed in both alternatives that dismantlement will be required:

• Immed iate Dismantlement - At shutdown all radioactive contamination above regulatory limits

is removed from the facility to an approved disposal site. Depending on further uses of

the s i te , noncontam inated portions of the facility remaining after dismantlement may be
demolished and removed.

• Safe Storage wi th Deferred Dismantlement - At shu tdown the faci l ity i s prepared to be left
in place for an extended time . Continuing surveillance and maintenance are required at
the facility . Safe storage methods considered in this report are passive safe storage
and hardened safe storage. (These storage methods have also been referred to respecti vely
as protective storage and entombment.) For passive storage, the radioactivity in the
facility at shutdown is isolated by installing temporary physical barriers . When the
facility ’s radioactivity level s after passive storage have been sufficiently reduced by
decay , the facility would usually be dismantled. For har~~ned storage , radioactive mate-
rials in the facility as shutdown are isolated by installing hardened physical barriers .
The facility is maintained in this condition until it is dismantled , or all residual
radioactivity has decayed to nonhazardous levels.

Decommissioning activities can be divided into the following general phases :

• The planning and preparation phase is typically carried out during the final 1 to 2 years of
facility operation. Decommissioning plans are prepared during this period , and necessary
documentation is submitted to NRC for license revisions at facility shutdown .

• The actual decommissioning activities are conducted during the decommissioning operations

phase. These activities could include chemical decontamination , mechanical decontamination ,
equipment deactivation and removal, iso lation of contaminated areas if safe storage is to
be used and, ultimately, comple~e dis mantlement. The decomissioning techniques used at

a particular facility depend on the decommissioning mode selected and the conditions at

the facility at shutdown.

• Continuing care activities , when a facility is not immediate ly dismantled , are carried
out at a facility after it is placed in safe storage. These activities assure that the
facility remains in a condition tha t poses minimal risks to the public.

• Final decommissioning activities are required at the end of the continuing care period to
permit termination of the facility license. These activities may include performance of

radiation surveys to assure that all radioactivity has decayed to levels required by
regulation and removal of all residual radi oactivity to an approved disposal site.
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Two alternative decomm issioning modes have been studied for each of the four reference fuel

cycle facilities considered in this report. The facility considered in the analysis was assumed

to contain operating and waste treatment facilities representative of a complete operating
plant.

Nuclear Power Plant. Passive safe storage followed by dismantlement 50 years after reactor
shutdown is the reference alternative. The 50-year delay allows decay of most of the 60Co
in the facility and reduces occupational radiation exposure during the decommissioning. Ininedi-
ate dismantlement is also assessed .

Independent Spent Fuel Storage Basin (ISFSB). Immediate dismantlement is the reference
decommissioning alternative for this facility . Hardened safe storage is also considered.
Surveillance would be required at the facility for 100 years or more after it is placed in
hardened safe storage, or until it is dismantled .

Fuel Reprocessing Plant (FRP ). The reference decommissioning alternative is passive safe
storage followed by dismantlement 30 years after facility shutdown. Hardened safe storage
for an extended time (perhaps as long as 1000 years) prior to final decommissioning is also
considered .

Mixed Oxide Fuel Fabrication Plant (MOX FFP). Immediate dismantlement is the reference
decommissioning alternative for this facility. Hardened safe storage for an extended time
prior to final decommissioning is also considered .

Estimates of the costs incurred , the volumes of wastes involved , and the radioactivity
contents of the wastes resulting from implementation of the reference decommissioning alter-
natives are summarized in Table 1.6.1.

TABLE 1.6.1. Reference Fuel Cycle Facilities Decommissioning Alternatives ,
Costs, Waste Volumes , and Radioactivity

Cost, Waste 
~ 

Radioactivity
Facility Operation $lO0Os~a) Volume , m in Waste , Ci
Nuclear Initial decom- 5,900 (6,900) 350 6
Power missioning
plant 50-yr continu- 4,100 (4,800) 15 2 x 1O ’~i ng care

Deferred dis- 15 ,000 (18,000) 7900 7 x lO~ma n t lement

ISFSB Immediate 5,000 (5,800) 4700 7 x 102
d i smantlement

FRP In itial decom- 6,000 (7,000) 830 3 x l0~missioning
30-yr continu— 5,000 (5,800) 10

ing care
Deferred dis- 22,000 (26,000) 8800 5 x 1O 3

mantlement

MOX FFP Immediate 9,000 (10,000) 2800 2 x l0~dismantlement

a. Mid-1976 dollars (mid-1978 dollars in parentheses).
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Accidents that might occur during decommissioning were concluded to be much lower in

both frequency and overall consequence than accidents that would occur duri ng normal plant

operations.

The decommissioning plan prepared and approved prior to decommissioning would detail

the physica l security and safeguards features to be imp lemented (as needed) during the

decommissioning operations. The features already in place at the operating plants would

likely suffice during the decommissioning operations as well .

~~~~~~~~~~
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1 .7 THORIUM FUEL CYCLE CONSIDERATIONS

Section 9 contains a brief discussio n of thorium fuel cycle considerations . The hi gh-

temperature gas-cooled reactor fuel cycle and the light-water breeder reactor fuel cycle are

described and the wastes from these cycles are coirpared to the uranium fuel cycle discussed

in this report. The long term waste characteristics of the thori um cycle appear , in general ,

to be similar to those from the uranium fuel cycle. A precise comparison of these charac-

teristics cannot be made without defining specific details of all processing and neutron

exposure histories .
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1.8 WASTE MANAGEMENT SYSTEM

Analysis of the complete waste management system was developed to assess the total impact
of manag ing radioactive wastes generated over the entire lifetime of a nuclear flower system.
The analysis considered treatment and disposal of all post-fission TRU (including spent fuel
and HLW), gaseous , airborne , and decommissioning wastes. Each radioactive waste stream is
tracked each year from origin through treatment, storage, transport, and accumulation in a
geologic repository.

The waste managment system analysis methodology and results are presented in Section 10.
The contents of section 10 and the l ocations where these topics are discussed in the Summary
are as follows :

Report Summary
Section Section 10 Topics Section

10.1 System simulation 1.8.1
10.2 Input data for the system 1.8.2
10.3 Total system waste quantities 1.8.3

and radioactivity
10.4 Comparison of subsystem costs

of waste management alter-
natives 1.8.4

10.5 Total system costs 1.8.5
10.6 Total system plutonium

disposition 1.8.6

The reference nuclear power system is based on 400 GWe of nuclear power installed in the
year 2000 and produces approximately 10,000 GWe-yr of electric energy. An alternative low-
growth projection based on 255 GWe in the year 2000 is also considered but for fewer cases.
This system produces approximately 6400 GWe-yr of electric energy. The lifetime of the system
extends from 1975 through 2075 and in addition the decay of radioactivity in the final
repository is followed over a 1 million-year period . The fuel cycle cases considered include :

Reference Projection Cases

Case 1 Once-through cycle - 1985 repository
Case 2a Uranium-only recycle with plutonium in the SHLW - 1 985 repository
Case 2b Uranium-only recycle with plutonium stored as PuO2 - 1985 repository
Case 3a Uranium and plutonium recycle - 1985 reposItory
Case 3b Uranium and plutonium recycle wi th repository delayed to year 2000

Case 4a* Once-through cycle wi th repository delayed to year 2000

Case 4a* Deferred decision to year 2000 for once-through fuel cycle

Case 4b Deferred decision to year 2000 for uranium and plutonium recycle

* Case 4a serves a dual purpose.

- ‘~~ I 4W~~~WU’9,’.~~’.
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Low Growth Projection Cases

Case 1 Once-through cycle - 1985 repository
Case 3a Uranium and plutonium recycle - 1985 repository

Results of calculations reported here for each fuel cycle case include :

• quantities of all treated wastes, radioactivity , and heat generation rates for each
treated waste component

• radioactivity and heat accumulations in repositories by nuclide , waste type, and totals

• costs for each major waste management function

• unit power costs and unit fuel costs for the total waste management system.

Sunmiary results are presented in the text of Section 10 with detailed results tabulated in the
appendices. Whereas costs in previous sections of this report have been presented as 1976 con-
stant dollar costs, all costs in this waste management system section have been converted to
1978 constant dollars .

Radioactivity releases from each waste management operation and resulting population
radiation doses were also calculated for the entire system for each fuel cycle case. These
results are presented in DOE/ET-OO29.

1.8.1

A computer model consisting of 4 major modules was developed for the system simulation .
The 4 modules are:

• ORIGEN, which carries out fuel irradiation calculations

• ENFORM, which calculates fuel cycle logistics

• WASTRAC, which calculates waste processing logistics

• IMPACT, which calculates annual and cumulative impacts and system costs

1.8.2 Input Data for the System

Input data for the waste management system calculations were derived from the waste
management technology analyses in previous sections of the report, Essential data for these
calculations has been consolidated and classified in four series of tables (identified as Data

Sheets) In Appendix b A .  These four series of tables include:

• Waste Treatment Data Sheets

• Waste Storage Data Sheets

• Decommissioning Data Sheets

• Unit Cost Data Sheets

1.8.3 Total System Waste Quantities in Radioactivity

Detailed descriptions of the spent fuel logistics , i.e., movement and inventory accumulation ,

the total quantities of TRU wastes processed In the entire waste management system, and the

average radioactivity and heat generation rates in the waste containers are detailed in a series
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of tables In Appendix lOB. In addition , the total accumulation of radioactivity in all reposi-
tories Is described in other tables in Appendix bOB and its decay is tracked over a one million-
year period. The total fission and activation product radioactivity accumulations in all
repositories and the total actinide radioactivity accumulation in all repositories are summarized
in Tables 1.8.1 and 1.8.2.

TABLE 1.8.1. Total Fission and Activation Product Radioactivity Accumulations
in All Repositories , Ci

Year Geologic Time (Years Beyond 1975)
Case 2000 2050 1 ,000 10,000 100,000 1 ,000,000

1.24 x 1010 5.04 x 1010 8.24 x 106 7.58 x 106 5.51 x 106 1 .09 x 106

2A 1.04 x 1010 4.95 x 1010 8.44 x 106 7.65 x lO~ 5.52 x 106 1.13 x 106

2B 1.04 x 1010 4.95 x 1010 8.44 x io6 7.65 x 106 5.52 x 106 1.13 x 106

3A 1.03 x 1010 4.74 x 1010 8.29 x 106 753 x 106 5.46 x 106 1 .11 x 106

3B 1.63 x bO~ 4.74 x 1010 8.29 x 106 7.53 x 106 5.46 x 106 1.11 x 106

4A 1.79 x lO~ 5.04 x i6~
0 8.24 x 106 7.58 x 106 5.51 x io6 1.09 x 106

48 --- 4.85 x 1010 8.41 x 106 7.63 x 106 5.51 x 106 1.12 x 106

ILG 1.02 x 1010 3.07 x 1010 5.25 x 106 4.83 x io6 3.51 x io6 6.93 x bO~
3LG 8.32 x l0~ 2.90 x 1010 5.29 x 106 4.80 x 106 3.48 x 106 7.06 x l0~

Note: Case 1 = Once-Through
Case 2A = U-Only Recycle, Pu in HLW
Case 2B = U-Only Recycle, Pu Stored
Case 3A U 6 Pu Recycle
Case 38 U & Pu Recycle, Delayed Repository
Case 4A = Once-Through , Delayed Repository or Deferred Decision
Case 4B = U & Pu Recycle, Deferred Decision
Case 1LG = Low-Growth, Once-Through
Case 3LG = Low—Growth , U & Pu Recycle

Except for the low-growth effect, the fission and activation product accumulations are quite

similar in all cases; however, the actlnide accumulations have significant differences result-

ing from the disposition of plutonium in the fuel cycle.

1.8.4 Comparison of Subsystem Costs of Waste Management Alternatives

The costs of waste management alternatives are compared on the basis of complete subsystem

costs with final isolation in a salt formation repository . Subsystem costs are defined as all

the costs incUrred in the management of a specific type of waste from treatment to final disposal ,

Subsystem unit costs are developed for management of spent fuel as a waste in the once-through

cycle, (Cases 1 and 4A) and for management of TRU wastes produced in the plutonium and uranium

recycle fuel cycle (Case 3). The subsystem costs take into account differences in treatment

costs and the effect that differing waste volumes resulting from treatment have on transportation

costs, Interim storage costs, and final repository costs. In the once-through cycle the sub-

system costs are identical to the system costs because spent fuel Is the only waste type

requiring geologic Isolation.

- — ~~~~~~~~~~~~
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TABLE 1.8.2. Total Actinide Radioactivity Accumulations in all Repositories , Ci

Year Geologic Time (Years Beyond 1975)
Case 2000 2050 1 ,000 10,000 100,000 l ,OOO,00~~

3.27 x 10~ 9.90 x 10~ 5.97 x 108 1.52 x io8 1.35 x lO~ 5.99 x 106

2A 2.79 x bO~ 1.05 x 1010 5.97 x 108 153 x io8 1.32 x lO~ 5.24 x 106

28 9.73 x 1O~ 4.34 x 108 6.33 x lO~ 7.11 x io8 1.63 x 106 2.42 x bO~
3A 2.07 x 108 2.30 x lO~ 1.99 x 108 3.49 x bO~ 2.58 x bO~ 2.79 x 106

38 4.21 x bO~ 2.30 x bO~ 1.99 x 108 3.49 x lO~ 2.58 x 106 2.79 x 106

4A 4.63 x io8 9.91 x b0~ 5.97 x 108 1.52 x 108 1.35 x 1O 7 5.99 x 106

48 --- 1.81 x lO~ 2.68 x io8 1 .38 x lO~ 2.21 x 106 3.16 x 106

1LG 2.68 x 10~ 5.94 x lO~ 3.80 x 108 9.68 x bO~ 8.60 x 1O~ 3.82 x 106

3LG 1.59 x 108 1.40 x lO~ 1.34 x io8 2.15 x ~~ 1.66 x 106 1.84 x 106

Note: Case 1 = Once-Through
Case 2A = U-On ly Recycle, Pu in HLW
Case 28 = U-Only Recycle , Pu Stored
Case 3A = U & Pu Recycle
Case 38 = U & Pu Recycle , Delayed Repository
Case 4A = Once-Through , Delayed Repository or Deferred Decision
Case 4B = U & Pu Recycle , Deferred Decision
Case 1LG = Low-Growth, Once-Through
Case 3LG = Low-Growth , U & Pu Recycle

Table 1.8.3 summarizes average and levebized unit costs over the entire system life for

the once-through fuel cycle alternatives. The unit costs are shown as equivalent power costs

in mills /kW-hr and unit fuel costs in dollars/kgHM . The table shows results for both early
repository availability (Case 1) and delayed repository availability (Case 4A). Very little
difference in the total unit fuel cycle costs is indicated in these two fuel cycle alternatives.

A significant difference in the fuel cycle costs result , however, from federal or private
ownership of the fuel packaging and interim storage facilities. This is because of the higher
return on investment required for private industry facilities and federal taxes paid in the

private ownership case.

TABLE 1.8.3. Average and Levelized Unit Cost Over System
Life for Once-Through Fuel Cycle Al ternatives

Unit Fuel Cost, $/kgHM Unit Power Cost, mills/kWh
0% Discount 7% Discount 0% Discount 7% Discount

Rate Rate Rate Rate

Early Repository (Case 1)
Federa l Alternative 170 117 0.73 0.45

Private Al ternative 206 143 0.88 0.55

Del ayed_Reposit~~y (Case 4A)
Federal Al ternative 172 110 0.74 0.42

Private Alternative 227 149 0.97 0.57

Maximum Variation
for Extended
Storage Al ternatives +2 +4 +0.01 +0.01
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The average unit cost and level i zed unit costs employing a 7% discount rate for major sub-
system alternatives for the uranium and plutonium fuel cycle alternative are shown in
Table 1.8.4. Comparisons are presented for four major subsystem combinations. Results show:

• selection of either HLW treatment alternative does not affect power costs by more
than 0.01 mi lls/kW -hr

• the cost variation between the fuel residue treatment alternative does not affect power
costs by more than 0.02 mi lls/kW-hr.

• the largest impact of waste management treatment alternative selection is in the
management of l ow-level and intermediate TRU wastes where differences as large as
0.15 niills/kW-hr are observed .

• selection of gaseous waste treatment alternatives can affect power costs by up to 0.1
mil ls/kW—hr.

TABLE 1.8.4. Average Subsystem Unit Cost of Waste Management Al ternatives
in the Uranium and Plutonium Recycle Fuel Cycle

Unit Fuel Cost, Unit Power Cost,
$/kg Discharged mills /kW-hr

0% Di scount 7% Discount 0% Discount 7% Discount
Rate Rate Rate Rate

High-Level Waste
Vitrified (Reference 59 38 .25 .14
Calcified 61 40 .26 .15

Fuel Residue
Minimum Treatment (Reference) 11 9 .05 .04
Compaction 8 7 .03 .03
Melting 8 6 .03 .02

Intermediate and Low-Level
TRU Was tes

Incineration-cementation
(Reference) 38 31 .16 .12
Inclneration-bitumenization 33 27 .14 .10
Minimum treatment-cementation 72 57 .31 .21
Minimum treatment-bitumenlzation 68 55 .29 .21

Gaseous Waste Treatment
APS + I, Ru, Kr, C-l4
Removal (Reference) 28 Z3 .12 .09
APS + I, Ru , Kr removal 28 22 .12 .09
APS + I, Ru , C-l4 removal 9 7 .04 .03
APS + I, Ru , removal 10 8 .04 .03
APS only 2 1 .01 .01

1.8.5 Total System Costs

Total system costs for the entire waste management system for the 9 fuel cycle cases were
developed based on the use of the reference waste management alternatives. All spent fuel ,
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high— level and other TRU waste management costs including treatment, interim storage , transporta-
tIon , and disposal in geologic repositories are included. Costs for decommissioning the ISFSFs ,
FRP, and MOX FFP and the management of decommissioning TRU wastes in the reprocessing cases are
also included. Nuclear r ower plant decommissioning costs are not included . In the fuel
reprocessing cases, storage of spent fuel prior to reprocessing, except for the initial 6 months
at the power plant basins , and shipment of unpackaged spent fuel to reprocessing are included as
waste management costs, although these are not necessarily exclusively waste management costs.

The total system costs for the 9 fuel cycle cases are detailed in a series of 195 tables In
Appendix b E .  These tables are grouped by fuel cycle case and show waste management costs at
5-year intervals over the entire life of the system. There are 20 tables for each once-through
fuel cycle case and 28 tables for each reprocessing fuel cycle case. Costs were developed using
0%, 7%, and 10% discount rates and for four different repository media; salt , granite , shale and
basalt. Results of the calculations are summarized in Tables 1.8.5 through 1.8.7. Table 1.8.5
shows the total unit power costs for TRIJ waste management , including spent fuel handling and

TABLE 1.8.5. Total Unit Power Cost for TRU-Waste Management Including Spent Fuel Handling
and Storage, Mills/kWh

0% Discount Rate 7% Discount Rate 10% Discount Rate
Case Salt Granite Sha le Basalt Salt Granite Shale Basalt Salt Granite Shal e Basalt
1 .73 .84 .75 .88 .45 .51 .46 .53 .38 .42 .39 .44
2A .76 .96 .88 .97 .52 .61 .59 .65 .45 .52 .51 .56
2B .81 .97 .99 1.07 .56 .66 .67 .72 .49 .57 .58 .62
3A .74 .97 .89 .98 .50 .61 .60 .65 .44 .52 .52 .55
38 .76 .98 .89 .98 .49 .57 .55 .58 .42 .46 .45 .48
4A .74 .85 .76 .89 .42 .47 .43 .48 .33 .36 .34 .38
4B 1.04 1.19 1.14 1.16 .40 .42 .41 .41 .30 .31 .30 .31

ILG .73 .45 .37
3LG .74 .49 .43

TABLE 1.8.6. Total Unit Fuel Cost for TRU-Waste Management Including Spent Fuel Handling
and Storage, $/kg

0% Discount Rate 
- 

7% Discount Rate 10% Discount Rate
Case Salt Granite Shale Basalt Salt Granite Shale Basal t Sal t Granite Shale Basalt

170 195 175 205 117 133 120 139 100 113 102 118

2A 178 224 206 227 136 160 155 169 120 139 136 148

28 188 225 230 251 145 172 174 187 130 152 154 164

3A 172 226 208 229 131 160 156 169 116 139 137 147

38 177 229 209 229 128 149 143 152 i ll 123 120 127

4A 172 198 177 208 110 122 112 126 89 97 91 100

48 243 270 266 279 104 108 107 109 79 81 81 82

ILG 170 116 98

3LG 173 129 114
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TABLE 1.8.7. Present Worth System Waste Management Costs Including
Spent Fuel Handling and Storage, $ Billions

0% Discount Rate 7% Discount Rate 10% Discount Rate
Case Sal t Granite Shale Basalt Salt Granite Shale Basalt Salt Granite Shale Basalt
1 64.3 74.1 66.3 77.7 7.4 8.4 7.6 8.7 3.8 4.3 3.a 4.5
2A 66.1 82.4 76.2 83.7 8.3 9.7 9.4 10.2 4.5 5.2 5.1 5.5

2B 69.9 83.1 85.3 92.5 8.9 10.5 10.7 11.4 4.9 5.7 5.7 6.1
3A 65.2 85.9 79.2 86.9 8.2 10.1 9.8 10.6 4.5 5.3 5.3 5.6
38 67.2 87.0 79.3 87.1 8.0 9.3 8.9 9.6 4.2 4.7 4.6 4.9
4A 65.4 75.2 67.3 78.7 6.9 7.6 7.0 7.9 3.4 3.7 3.5 3.8
4B 92.3 102.6 101.0 106.0 6.5 6.8 6.7 6.9 3.0 3.1 3.1 3.1
ILG 41.1 5.4 2.9
3LG 4.9 5.9 3.4

sturage , in mil]s/kW-hr for each of the 9 fuel cycle cases and the four repository media.
Table 1.8.6 has a similar format showing total unit fuel costs in $/kgHM. Table 1.8.7 also
has the same format and shows total present worth waste management cost in billions of dollars .

The results of the cost analysis indicate that the total system unit costs for waste manage-
ment are 1) relatively insensitive to fuel cycle selection and 2) likely to fall wi thin the
range of 0.5 to 1.0 mill/kW-hr in equivalent 1978 constant dollar power costs.

1.8.6 Total System Plutonium Disposition

An important consideration for different fuel cycle options is the disposit ion of plutonium.

In the once-through cycle and the uranium-only recycle option , a total of 3090 and 3170 MT of
plutonium respectively are produced. This plutonium is sent to repository in the once-through
cycle and in the uranium—only recycle case It is separated but is either added to the solidified

hi gh-level waste for disposal or stored for later use.

In the uranium and plutonium recycle option a total 5700 MT of pluton ium is recovered,
4400 tons are recycled leaving 1 300 MT that are not recycled. Of this 1300 MI, however,
600 tons were not recycled as a calculation simplification and because of the low fissile

plutonium content (this is plutonium recovered from the third recycle and is 47% fissile),

leaving 700 MT available for recycle but not used in this system. It Is assumed that other

power plants not in the reference system would be permitted to use thIs 700 MT of plutonium .

Alternatively, the plutonium that is unused could be reduced to zero in the plutonium recycle

fuel cycle case by discontinuing recycle prior to the end of system life and converting to a

once-through fuel cycle for the last years of the system life.
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2.0 iNTRODUCTION

This report , DOE/ET-0028, was prepared in support of the ~Qyjronmenta1 Im)act Statement on

Management of Commercially Generated Radioactive Waste, DOE/EIS-0046-D , (referred to here as the

Commercial Waste Management Statement (CWMS)). DOE/ET—0028 descr ibes the technology basis for

the predisposal and geologic repository facilities for the CWMS , while the other companion report

in this series , Environmental Aspects of Commercial Radioactive Waste Management, DOEIET-0029 ,

details the environmental effects anal yses. These reports have been prepared separatel y from

the CWMS to reduce its length and comp lexity . This approach responds to the President s execu-

tive order 11991 of May 24, 1977 that instructs the Council on Environment Quality to issue

regulations to Federal agencies requiring impact statements to be concise , clear , to-the -poi rt ,

and supported by evidence that agencies have m ade the necessary environmental analyses. An

earlier report . Al ternatives for Manag ing Wastes in Reactors and Post—Fission _O e  tions in the

LWR Fuel Cycle (ERDA-76-43), broadly reviewed the status of radioactive waste management and pro-

vide l the basis for selection of waste management alternatives examined in detail in this report.

To develop the technological basis for the CWMS that is presented in this .~port , expe rts
in various areas of waste management technolo g” from twelve DOE concractors and laboratories
were appointed as Task Leaders. The laboratories and organizations participating in these
technology tasks included:

Argonne National Laboratory (ANL)

Allied Chemical Corporation , Id aho (ACC)

Atlantic Richfield Hanford Company (ARHCO , which has been reorganized as
Rockwell Hanford Operations)

Hanford Engineering Development Laboratory (HEDL )

Los Al amos Scientific Laboratory (LASL)

Oak Ridge Nationa l Laboratory (ORNL)

Office of Waste Isolation , Oak Ridge (Owl)

Savannah River Laboratory (SRL)

Sandia aboratory (SL)
Pacific Northwest Laboratory (PNL)
Ei’~&G. rldhO
- ‘‘ e o~ ~,uclear W ste Isolation (ONWI)

- ~e °’.’ . 24 ~~~~~~~~ f~j~~I- groups contributed to this report. In addition , an architect—

~~~‘~~ 4 *-~ ‘lrw , Bechtel . Inc., was contracted to prepare conceptual desi gns base d on
- ~n l.v 1cp~d by ‘~ ‘i ~~~ q r o u p s  and to prepare facil ty cap ital cost estimates

‘~~ . -~~~~~~~-~~~ ‘. •r~ I~-~~.y 
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Facilities for treating and managing spent fuel , high -level and transuranium (TRU) wastes , and
post-fission airborne and gaseous wastes are then descr i bed i n suff i c i ent detai l to enable
environmental impact assessments to be made for three nuclear fuel cycles : 1) the once-
through cycle , 2) the uranium—o nly recycle, and 3) the uranium -plutonium recycle; and for two
variations: 1) the deferred cycle , where the decision for disposal or reprocessing of spent
fuel is delayed for a number of years and 2) delayed repository availabili ty . Waste management
costs for these fuel cycles and safeguard requirements to prevent theft and diversion or
misuse of spent fuel or radioactive wastes are also examined . The treatment and management of
non-TRU wastes destined for disposal in shallow -land burial sites is not included in this
report .

A brief generic description of the primary post-fission fuel cycle facilities , including
a nuclear power plant, a fuels reprocessing plant , and a mixed —o xide (UO2-Pu02) fuel fabrication
plant, is provided . It is not the purpose of this report, however , to examine the entire
post-fission fuel cycle in detail; only the waste management aspects are emphasized . Thus ,
there is no attempt here to develop a comprehensive comparison of the merits of uranium recycle
or uranium and plutonium recycle versus no recycle (once-through cycle).

The status of waste management technolog ies was assessed in ERDA-76-43 , where it was
concl uded that  . . .  all technologies needed to manage radioactive wastes from the backenL
f the commercial LWR fuel cycle are coniiercialized , available , or under development; there

are no gaps . In fact, in almost all cases several technology alternatives could be used for

each step in the waste management system .

Both indi vidual waste management faci l i t ies and the entire waste management systems are
anal yzed. Steps in the waste management system are classified into four main categories :
treatment , storage, transportation , and final isolation. The requirements for waste management

in each category are examin er in detail.

One or more of the available or commercial ized technolog ies for each waste management
step for each TRU waste type were selected for detailed anal ysis here . Comercialized technology

is defi ned as technology in routine industrial use , while available technology is defined as

technology that has been deve oped to the extent that design and construction of a full-scale

commercial installation could be initiated , although design verification tests might be required.

In the case of geolog ic repositories for waste isolation , the technology of mine construction

is v~ll developed but the technology of si te characterization and site selection and the exact

details of waste emplacement require further development.

Neither the technologies selected for the anal ysis nor the waste management facilities that
are described are necessarily optimum ones; nor have all avai lable technolog ies necessarily

been analyzed . Those selected , however , are fully representative of technologies which could

be used. Thus , analysis of environmental impacts can be used to draw generic conclus ions
concerning waste management in the post-fission commercial LWR fuel cycle. Detailed anal ysis

cf two or three alternatives of most waste management steps gives f irther confidence that the
range of potential costs and environmental impacts is adequately evaluated in the generic

impact staternent~ In actual applications it is reasonable to expect that there could be some
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improvement over the concepts described here that might be reflected in either more efficient
waste management or lower environmenta l impacts or both.

It is recognized that in some cases the technologies being compared for a given task are
not equally well developed ; thus , more extensive data are available in some instances than in
others . In all cases, however, sufficient information is available to permit reasonable environ-
mental and cost evaluations .

This report is summarized in Section 1 and the bases and assumptions for the anal yses
developed here are discussed in Section 3. Waste treatment alternatives for the TRIJ wastes
produced in the recycle alternatives are discussed in Section 4. Interim storage of packaged
TRU wastes and spent fuel are described in Section 5, as are the facilities required for
packaging (encapsulating) spent fuel in the event it is declared to be a waste . Transportation
alternatives are described in Section 6, and the final isolation alternatives are descrThed in
Section 7. Section 8 contains a discussion of decommissioning alternatives and definitions of

the quantities of decommissioning wastes. A brief discussion of thorium fuel cycle wastes is
presented in Section 9.

An anal ysis , i nclud ing costs, of complete waste management systems for ~ll fuel cycles is
presented in Section 10. The systems analysis in this section includes the waste management

requirements for a projected installed nuclear capacity of 400 GWe in the year 2000 and for
the operation of this system throughout the 4O-y~~r useful life of the projected nuclear
power plants . Disposition of the TRU wastes produced as a result of decommissioning the
nuclear fuel cycle facilities for this system is also analyzed .

The Startup dates for nuclear fuel cycle facilities in the system analysis scenarios were

selected early in the study and some of the early dates are no l onger realistic possibilities.

However , alternative cases serve to bracket a broad range of possible startup dates and show
that these dates are not critical to either waste management costs or environmental effects .

For example, cases are developed wi th geologic repository startun dates of 1985 and 2000 and
reprocessing startup dates of 1981 and 2010.

Acronyms are used extensively throughout this report to avoid repetition of length y
identifications. A list of acronyms used and their definitions is provided at the end of each
volume.

The metric ~ stem of measurements as defined by the International System of Units (SI) is
used as the primary measurement system . In the text, the quantities in SI units are generally
followed by the quantities in common english units in parentheses , while measurements in tables
and figures are generally given only in SI units . A table of conversion factors is provided

at the end of each volume .

The term ‘ reference” has several different applications in this report and a definition of

these applications is provided here to aid readers in avoiding misinterpretation :

1. When two or more technology alternatives are avai lab .e for accomplishing a waste management

function , for example , vitrification or calcination for high-level waste solidification

or i ndoor and outdoor methods for l ow-level waste storage, one alternative is selected as

the ‘reference alternative.”
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2. The specific process or concept chosen to implement the “reference alternative is the
“reference process” or “reference concept ; for example , spray calcination/in -can
melting is the “reference process ’ for the vitrification “reference alternative. ” The
selection of a “reference process” or “reference concept” is done so that emissions ,
secondary waste quantities , and waste management system costs can be defined .

3. The waste management system composed of the reference alternatives ’ is referred to as the
reference system.”

4. The spent fuel composition used as a basis for defining the radionuclide content of the
various wastes is referred to as the ‘reference fuel.”
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3.0 BASES AND BACKGRG,.,ND INFORMATION
This section describes the assumptIons, estimates, and calculations that were required

to provide a basis for describing the wa~te management facilities discussed in subsequent
sections. The following topics are covered :

Section 3.1 , Fuel Cycle Options, describes the scope of fuel cycle alternatives considered.

Section 3.2, Primary Fuel Cycle Facility Descriptions , describes the reference generic
facilities where the primary wastes originate . These include the nuclear power plant,
the independent spent fuel storage basin , the fuel reprocessing plant and the mixed
oxide fc ’l fabrication plant.

Section 3.3, Waste Descriptions and Classifications , describes and classifies the
estimated quantities and characteristics of the primary radioactive wastes that
ori ginate in the primary facilities. Detailed radioisotope composition and decay data
that are based on reference fuel burnup calculations are provided .

Section 3.4, Waste Management Al ternatives, describes wi th a series of flow charts , the
waste management alternatives and sequence of operations considered. The reference
alternatives selected for the system calculations are also identified .

Section 3.5, Secondary Wastes, describes the estimated quantities and characteristics
of the secondary TRU wastes produced in the reference waste management system.

Section 3.6, Basis for Facility Descriptions, describes how the waste management facility
descriptions were developed and describes the format and content of these descriptions .

Section 3.7, Accident Analysis Basis , describes the scope of accident analysis , the
method of classifying accidents for the subsequent consequence anal ysis in DOE/ET-0029,
and the format for describing postulated accidents.

Section 3.8, Cost Analysis Basis, describes the assumptions, scope, and methodology used
in the development of the waste management facility capital , operating and l evel i zed unit
costs.

Section 3.9, Basis for Safeguards and Physical Protection Requirements, describes the
methodology used in analyzing the safeguards and physical protection requirements for
each of the w.~ste management facilities .

Section 3.10, Fuel Cycle Projections, describes the nuclear power growth projection ,
spent fuel mass flows , and the number and schedule of primary fuel cycle facilities
required for each of the fuel cycle cases described in Section 3.1.
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3.1 FUEL CYCLE OPTIONS

The selected fuel cycle option determines the types and quantities of radioactive waste
produced and the technological alternatives and facilities required for waste management.
This section describes the fuel cycle options for which these waste management processes and
facilities are described in this report. The waste management facilities and alternatives
for implementing these fuel cycle options are described in Sections 4-8. Only light water
reactor (LWR) uranium fuel cycles are considered in detail. However, in Section 9 a qualitative
discussion of thorium fuel cycles and their wastes is presented . The waste management requirements
for the entire system consisting of all of the LWR nucloar power plants projected for construction
in the United States by the year 2000 are described in Section 10 for each of the fuel cycles
described here.

A number of LWR fuel cycle variations are conceivable in addition to those presented .
However , the cycles discussed here are representative of proposed LWR fuel cycles and provide
a broad basis for evaluating potential environmental impacts of waste management.

3.1.1 Once-Through Cycle

The once-through fuel cycle assumes isolation of i rradiated fuel elements as a waste with-
out reprocessing for recovery of contained energy values . This concept is Identified in this
report as the Case 1 Fuel Cycle. In this cycle irradiated fuel will be stored until a qualified

Federa l waste isolation repos i tory is available. Interim storage is provided either at the
nuclear power plant or at an offsite independent spent fuel storage facility (ISFSF) if suffi-
cient storage capacity is not available at the power plant. If an ISFSF is used , a short storage
period at the power plant is required to simplify transportation and other subsequent handling
steps . Small quantities of non-transuranic , airborne and gaseous wastes will be produced at
the ISFSF . The largest quantities of waste other than spent fuel will be generated during
decommissioning of the fuel cycle facilities.

To permi t the spent fuel to cool sufficiently for dry packaging (encapsulation ) for final
isolation , this fuel cycle provides 6.5 years storage of unpackaged spent fuel in water-cooled
storage basins. During this storage period it is assumed 75% of the unpackaged spent fuel is
stored in onsite nuclear power plant water basins wi th the remainder stored at ISFSF’s. Follow-
ing the 6.5 years of interim storage, the spent fuel is packaged and sent to final isolation
(assumed here to be a geologic repository). Facilities for packaging spent fuel are assumed

to be loca ted at an ISFSF site. Transportation of the spent fuel is required between the onsite

and offsite storage-basin—packaging facilities and between the storage-bas in-packaging facilities
and a repository . Figure 3.1 .1 is a simplified diagram of the once-through cycle.

For the Case 1 Fuel Cycle a geologic repository is assumed to be avai lable for packaged

spent fuel disposal in 1985.
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FIGURE 3.1.1. Once-Through Fuel Cycle (Case 1)

3. 1 . 2 Uranium-On ]y Re~~çje

Uranium-only recycle assumes that spent fuel will be reprocessed to recover the residual

uranium for recycle wi thout plutonium recycle. This concept is identified in this report as

the Case 2 Fuel Cycle. The recovered plut onium is either treated as waste (Case 2A) or stored
for use in other reactor types at some future date (Case 2B).

As in the once-through cycle , the spent fuel in the uranium -only recycle may either be
stored onsite at a nuclear power plant or offsite at an ISFSF. However , the storage require-
ments are much lower than in the once-through case , and it is assumed that all storage require-
ments can be met by nuclear power plant storage basins and reprocessing plant basins. Subse-
quently, the spent fuel is transferred to the reprocessing plant , where it is again stored
briefl y prior to reprocessing. During reprocessing , uranium and plutonium are separated. The

uranium is returned to a uranium enrichment plant as UF6 and is recycled to nuclear power plants
in the form of enr i ched U02 fuel. Separated plutonium is either stored in an oxide form for

future use or disposal or is combined wi th high-level liquid waste during solidification and
ultima tely sent to final isolation (assumed here to be a geologic repository). Various trans-
uranic wastes are produced during the reprocessing step. In addition , non-transuranic and various
airborne and gaseous wastes are generated at the storage basins and reprocessing plants .
Figure 3.1 .2 is a simplified diagram depicting the uranium -only recycle modes .

Prior to reprocessing, the reference cycle assumes storage periods of a minimum one-half
year at the nuclear power plant and up to one year at the fuel s reprocessing plant.

TO REtNRICHMENT

( A R

~~ 
PC 

[

~~~~~~~~S~~NTF~~1 REPROCES SING

NO~ -TRU
WASTES TRU TO STORAGE

WASTES (CASE 2B(
oc~TO S~ .IDI FIED

HIGH -LEVEL WASTE
AND ISOLATION

ISOLATION (CASE 2A)

FIGURE 3.1.2. Uranium —O nly Recycle (Case 2)

~~~ 
~~~44~~ ;;.

— -
~~



3.1.3

Reprocessing is assumed to s ta r t  i n 1981 and a geologic repository is availabl e for the
TRU wastes in 1985.

3.1.3 Uranium and Plutonium Recycle

Recycle of plutonium in addition to uranium allows recovery of the energy values associated
wi th the plutonium. This concept is i dentified in this report as the Case 3 Fuel Cycle. Except
for the reuse of plutonium , the uranium-plutonium recycle option corresponds to the uranium -only
recycle option . Rather than storing plutonium as an oxide or incorporating it wi th solidified

hi gh—level wastes , it is transferred from the reprocessing plant to a mixed —oxi de fuel fabrica-
tion plant (MOX FFP). The mixed-ox ide fuel from the MOX FFP is then returned to a nuclear
power p l a n t  for additional power generation. In addition to the TRU wastes r e s u l t i n g  from the

uranium-only recycle option , TRU wastes are generated at the mixed-oxide fuel fabrication plant.

The transuranic concentration in wastes produced during recycle of uranium and plutonium will

be greater than that in the uranium-only cycle because of the higher transuranic concentrations

in recycle fuels. Fi gure 3.1.3 diagrams the uranium -plutonium recycle.

As in the uranium-only cycle, the uranium and pluton ium recycle assumes storage periods

of at least one-half year at the nuclear power plant and uo to one year at the fuel reprocessing

plant. Reprocessing and geologic repository availability dates are the same as for Case 2,

i.e., 1981 and 1985 respectivel y.
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3.1.4 Deferred Decision to Dispose or Reprocess Spent Fuel

A deferred decision to dispose or reprocess spent fuel elements , unlike the once-through
cycle, provides a strategy that does not foreclose , through direct disposal , future options to
recover the potential energy of the uranium ani plutonium contained in the spent fuel elements .
By utilizing extended storage of spent fuel time is provided to make a more informed decision
on the advisability of reprocessing the spent fuel. This concept is identified in this report
as the Case 4 Fuel Cycle. Once a decision is made , spent fuel can either be sent to final
isolation (Case 4A), as in the once-through cycle , or sent to a reprocessing plant (Case 4B),
as in the recycle concepts. Figure 3.1.4 is a simplified diagram of the deferred cycle.

NON-TRIJ NON-TRU NON-TRU NON-TRU
WASTES WA STES WA STES WA STES

FIGURE 3.1.4. Deferred Cycle (Case 4)

In this concept, spent fuel is packaged after 6.5 years storage in water basins , as i n
the once-through cycle. It is assumed that 75% of this storage requirement can be provided
by onsite basins at the nuclear power plants , with the other 25% provided by ISFSF’ s.
Packaging (encapsulating) the spent fuel for extended storage provides in reased assurance of

containment. Four alternatives for extended storage of the packaged spelt fuel are considered

in the report.

Once a decision is reached for either isolation or reprocessing, this cycle is similar to

the once-through or the recycle cases , with two important differences that depend on the time
period prior to a decision: 1) the spent fuel is older and has less radioactivity and 2) the

accumulation of spent fuel in storage facilities may be quite large and may take a number of

years to work off. These effects are discussed in more detail in Section 10.

Wastes generated in the deferred case are expected to be similar to those generated in
the once-throug h cycle or in one of the reprocessing cycles . However, the deferred cycle
wastes may differ from the others because of radioactive decay during the lengthened storage
period .
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For the Case 4 Fuel Cycle -it is assumed that a decision is made in year 2000. In Case 4A

a repository is assumed to be -~vail ab 1e by that date and spent fuel shipments to the repository
start irmmediately. In Case 4B a 10-year period is required before reprocessing can start at
which time shipments to the repository also start.

3.1.5 Del ayed Repository Availability

Another fuel cycle alternative considers the possibility of a substantial delay in the
availability of a geologic repository . Repository availability in the year 2000 is assumed .

In the case of the once-through cycle the impact is an increased requirement for spent

fuel storage. Al though the reason for the delay is different, the effect on facil ity require-

ments is the same as a deferred decision to dispose of spent fuel as a waste (Case 4A) and a
separate case is not developed.

In the case of reprocessing, the cycle proceeds as in the uranium and plutonium recycle
case (Figure 3.1.3) except that substantial interim storage facilities are required to hold
the packaged waste products until a geologic repository is ava ilable. This concept is identi-

fled in this report as the Case 3B Fuel Cycle.
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3.2 PRIMARY FUEL CYCLE FACILITIES

Facilities in the postfission portion of the li ght water reactor (LWR) fuel cycle that
are potential generators of radioactive wastes include nuclear power plants , independent spent
fuel storage basins , fuel reprocessing plants and mi xed-oxide (UO2— PuO2) fuel fabrication
plants. To provide a basis for estimating quantities ar~1 characteristics of the radi oactive
wastes produced at these fuel cycle steps and to provide perspective for waste treatment costs ,
construction requirements , etc . relative to the primary facilities , it is necessary to define
the basic features of plants that are generically representative of these prima ry fuel cycle
fac ilities. The follow ing descriptions of these generic primary facilities exclude those

portions of the facilities required for radioactive waste management. Waste management equip-
ment and operations within the primary facilities for treatment of transuranium (TRU) wastes
and gaseous wastes (except those from the nuclear power plant) are described separately in
subsequent sections . The in itial pretreatment concentration operations for dilute aqueou s
wastes and the nuclear power plant gaseous wastes treatment facilities , however , are included
as a part of the primary facilities .

3.2.1 Nuclear Power Plant

An LWR nuclear power plant generates electricity using steam produced by heat from the
controlled nuclear fission of uranium and plutonium. The water used as a coolant and a

modera tor in such reactors has the normal distribution of hydrogen isotopes , and is thus

termed “ l i g ht water ’ to distinguish it from “heavy water ,” wh i ch conta i ns a hi gh concent rat i on
of the deuterium isotope and is sometimes used as a reactor Luolant.

3.2.1.1 Selection of the Reference Nuclear Power Plant

The boil ing water reactor (BWR) and the pressurized water reactor (PWR) are the types of

LWR5 projected to produce most of the nuclear energy in the United States up to the year 2000.

In the BWR the prima ry coolant is converted to steam in the reactur core and is then expanded

through a turbine generator unit to produce electricity . In the PWR the primary coolant is

ma intained as a pressurized liquid in the reactor core and transfers heat to a secondary water

coolant. This secondary coolant is in turn expanded throug h a turbine generator unit to

produce electricity .

A PWR capable of generating 1200 MWe has been selected as the reference nuclear power
plant for this report. This reference plant is representative of larger sizes of LWRs com-
mercially available. PWRs account for about two-thirds of the insta lled U.S. LWR electricity-

genera ting capacity , with BWR5 making up the remaining one-third . While PWR5 and BWRs differ

somewhat in desi gn concept , the capital costs and construction requirements are similar.

3.2.1.2 Nuclear Power Plant Process

Figure 3.2.1 gives a sim plified process flow diagram for the reference nuclear power plant.

The reactor core contains 193 fuel assemblies , each co nta i n i ng 264 U02 rods. The cc ’~ cor tnnc

a tota l of 100,000 kg (220,000 lb) of slightly enriched U02 in  th e form o’ cerami c :‘ ~~~~~~~ 
- ,

Zircaloy cladding. The plant coolant system circulates w a ic~ to trans ’er the ‘ ‘ , . - .
- .

~~+ , ,.‘ ... . -
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F IG URE 3.2.1. Nuclear Power Plant Process Flow Diagram

the core to the steam generators where steam is produced to drive the turbine generator. The
water also acts as a neutron moderator and reflector , and as a solvent for the neutron absorber
(boric acid) used for supplemental reactor control . Electricity is generated in the power
conversion system by passing the steam from the steam generators through a high pressure
turbine followed by low pressure turbines. The expanded steam is then condensed and returned
to the steam generators.

A chemi cal and volume control system provides for maintaining the water inventory in
the reactor coolant system and controlling water chemistry conditions , activity level , and
soluble chemical neutron absorber concentration.

A spent fuel storage area receives the fuel from the reactor core and stores it for
6 months or more before it is shipped offsite . The operations conducted in this area are very
similar to those discussed in Section 3.2.2 for the independent spent fuel storage basin .

A liquid radioactive waste treatment system receives liquid wastes from a variety of
sources including chemical waste drain tanks , primary water storage overflow , fuel storage
pool overflow , and assorted drains and sumps . The system includes filtration to remove par-
ticles and evaporation to yield a concentrated bottoms stream, containing the bulk of the
chemicals and the radioactive materials , and a purified distillate stream. The condensed
evaporator distillate may also be passed through demineralizers to remove entrained materials
before being collected and analyzed. If analysis Indicates that it is acceptable , the con-
densate can either be reused in the process or discharged to the environment. If the con-

densate is not acceptable for discharge or recycle, it is returned for further decay and

additional processing. Some waste streams are analyzqd after filtration only and , if

acceptable , are then discharged without additiona l treatment.
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An off-gas collection system comprises two parts , the gas collection system and the vent
collection system. The gas collection system processes gaseous effluents that may contain
appreciable amounts of fission product gases and hydrogen , but negli gible amounts of oxygen ;
these gases are collected by a header and are then passed through a compressor and a moisture
separator into waste decay tanks for holdup during decay of short-lived nuclides . The vent
collection system purges gaseous effluents containing only low levels of radioactivity and
hydrogen ; these gases do not undergo any holdup period prior to release. The gases from both
systems are filtered and then released into the auxiliary building ventilation system exhaust.

There are additional points of release of gaseous effluents that have at least the poten-
tial of containing contamination . These rel ease points include the containment purge exhaust ,
the fuel and auxiliary building ventilation exhaust, the turbi ne building ventilat ion exhaust ,
the condenser air ejector exhaust , and the steam packing exhauster blower discharge.

3.2.1.3 Nuclear Power Plant Descriptior

Fi gure 3.2.2 is a plot plan showing the general arrangement of the facilities that com-
pose the reference LWR nuclear power plant. These facilities are located within a perimeter
security fence enclosing approximatel y 8 ha (20 acres). The fence is centered within an
exclusion area of approximately 400 ha (1000 acres). The main plant features include the
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containment , auxiliary , turbine control , fuel , switch gear , and diesel generator buildings.
Heat is released through two natural draft cooling towers supplemented by a spray pond.

Major Plant Buildings. The major buildings and the functions performed within them are
*described below. All of these buildings are Category I.

Containment Building. The containment building houses the reactor , steam generators ,
pumps , pressurizer , and other components that constitute the nuclear steam supply system
(NSSS). This building is a post-tensioned concrete cylinder with a hemisph erical dome . It is
lined on the interior with welded carbon steel plate 6 cm (1/4 in.) thick .

The des i gn objective of the containment building, including penetrations and isolation
valves , is to maintain structural and leak-ti ght integrity during a design -basis loss of
coolant incident (LOCI).

~:.r-~~i2r~ Building. The auxiliary building is a multistory concrete structure located
adjacent to the containment building but physically separated from it. The auxiliary building
encloses the vital components required for control and protection of the reactor during normal
operation and in case of accident. These include eng i neered safety features , cooling water
system components , and other equipment.

Fue l B~ i lJ ing .  The fuel building is a concrete structure that houses the spent fuel
pool , a fuel receiving and storage area , and facilities for the cooling, handling , loading,
and shipping of fuel casks .

Tur ~~ ne 3 ’ ~n.~~ The turbine building is of reinforced concrete and structural steel
construction. It houses the power conversion system, consisting of turbine generators , con-
densers , and condenser pumps.

Contro l Building. The control building is a multistory concrete structure that houses
the control room , cable spreading rooms , and battery rooms.

Diesel Generator Building. The diesel generator building contains the auxiliary power
systems used as standby sources of AC and DC power for emergency and instrumentation loads .

Major Plant Systems. The major plant systems include the nuclear steam supply system ,
the eng ineered safety features systems, the reactor protection , control , and instrumentation
systems , the electrica l systems, the cooling water systems , the auxiliary systems, and the
radioactive systems . These systems are described below.

Nuclear Stec~n Supp ly System (NSSS). The NSSS equipment includes the reactor , steam
generators , reactor coolant pumps , pressurizer and other components required to produce steam
for power generation.

Engineered Safety Features Systems (ESFS). The ESFS provides protection for the public
and plant personnel against the accidental release of radioact ive materials from the reactor

system , particularly as a result of a loss of coolant Incident. These safety features localize ,
contro l , mitigate , and terminate such incidents to hold exposure to public and plant personnel
below l evels required by Federal regulations. ESFS systems Include the following:

* Designed to withstand maximum credible natural disasters , such as earthquakes and tornadoes .
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• fuel building essential ventilation system, which detects radioactivity in the fuel
pool if a fuel element Is damaged during handling and initiates appropriate action to
reduce release of fission products to the environment.

• containment building purge isolation system , which detects fission products inside
the containment building following a fuel handling accident and initiates action to
prevent release of radioactivity to the environment.

• control building essential ventilation system, which supplies the filtered air required
to minimize the radiation dose to personnel in the control room following an incident.

• hydrogen purge system, which keeps the combustible gas concentration inside the con-
tainment to less than the lower combustible limit during a loss of coolant accident.

Reactor Protection, Contro l, and Instrumentation Systems. The reactor protection , con-
trol , and instrumentation systems consist of the following :

• reactor protection , which is provided through the inherent self—co ntrolling character-
istics of the reactor and through control element assembly positioning , control of
boron concentration in the reactor coolant , and by the plant operating procedures . The
reactor protection systems supply the operator with visual and audible alarms when any of
the reactor parameters approach the limits of safe operation.

• reactor control systems , which provide for the startup and shutdown control of the
reactor and for adjustment of reactor power in response to turbine load demands .

• nuclear instrumentation , which includes in-core and out—of-core neutron flux detectors
and temperature sensors that provide information on flux and temperature distribution
in the core.

Electrica l Systems. The electrical system comprises the following subsystems :

• transmission and generating system, which consists of main generators , transformers and
transmission lines that carry the power from the switchyard to the electric utility
network.

• AC auxiliary system, which consists of two independent redundant sources of AC power
for the ESFS equipment and standby power for normal plant operation .

• DC power system , which is provided by four independent units supplying the DC power
required for instrumentation and control .

Cooli~v4’~ Water Systems. The following subsystems compose the cooling water systems :

• shutdown cooling system , which includes the cool down exchangers and pumps designed to
reduce the temperature of the reactor coolant at a controlled rate during refueling and
extended shutdown operations.

• cooling system for reactor auxiliaries , which include two separate systems:

(1) essential cooling water system (ECWS), supp lying cooling water to the components
required to operate during and after an accident; 

-.‘~‘ ~~~~~~~~~~~~~~~~~~~~ -,- -
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(2) nuclear cooling water system (NCWS), supplying cooling water to reactor auxiliaries
during normal plant operations.

• essential spray pond system (ESPS), which consists of the equipment and components
related to the spray pond and which provides cooling water to the ECWS described above.

• ultimate heat sink , which is provided by the spray pond and is used in conjunction with
the ECWS and the ESPS during accident conditions. Makeup water for the ultimate sink ,
to replace water lost by evaporation , is the domestic water system and the plant cool-

ing system.

• plant cooling water system (PCWS), which provides cooling water to the NCWS for norma l
plant operations. The cooling towers and the redundant heat exchangers and pumps are
part of the PCWS.

• fuel pool cooling and cleanup systems , which provide forced cooling of the pool water
during normal and emergency conditions (loss of offsite power). During normal opera-
tions the fuel pool heat exchangers are provided wi th cooling water from the NCWS , and
during loss of power from the ECWS. The purification loop, which is part of the system ,

circulates cooling water through a filter and deminera lizer unit to ensure cooling water
that meets the design requirements .

Auxiliary Systems. The following subsystems constitute the auxiliary systems:

• chemical and volume control system (CVCS), by_ which the chemistry of the reactor coolant
is maintained by continuous purification , filtration , and injection of additives . Volume
control is maintained by adjusting the rate of coolant removal from the core.

• process sampling system, designed to collect samples remotely from the reactor coolant
and auxiliaries for analysis.

• other auxiliary systems, including the heating, ventilation and air conditioning system
(HVAC), the fire protection system, comunication system, lighting system, and domestic
water system that are contnon to all facilities .

F j ,di.~ z~~ ive Wacte Systems and Facilities. The radioactive waste systems and facilities
are designed to control radioactive solid , liquid , and gaseous wastes produced at the LWR .
Those systems included in the reference nuclear power plant concept developed for this report
are:

• liquid radioactive waste treatment systems , which recover radioactive or chemical liquid
waste and pretreat them by operations such as concentration , filtra tion , ion-exchange ,
etc.

• off-gas collection systems , which collect the high activity , short half-life off-gas
from the reactor coolant , compress it and store it in tanks to allow for decay. After
decay, the contents of the tanks are discharged through the plant ventilation system and
released with low activity gases . All waste gases are filtered and monitored prior to
environmenta l release.
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Systems and facilities required for final waste treatment are not included in the refer-
ence nuclear power plant , in keeping with the intended scope of the primary facility descrip-
tions (see Section 3.2). Al so, since nuclear power plant wastes are considered nontransurani c
(non-TRU), their associated treatment facilities are not discussed in this report.*

3.2.1.4 Nuclear Power Plant Operating and Maintenance Requirements

The nuclear power plant is assumed to be in operation about 80% of the time at close to
90% of capacity on the average (a 70% capacity factor) and to produce about 7.4 billion kwh of
electric power per year. While in operation it runs 24 hours a day , 7 days a week. The
remaining 20% of the time is devoted to activities such as maintenance and refueling. Sched-
uled shutdowns wculd tend to be as infrequent as possible. Operation of the spent fuel stor-
age pool must be continuous .

Because of the high l evel s of radioactivity in certain portions of the plant , operation
and maintenance of these portions must be done remotely.

Staffing . The reference plant would require a staff of about 100 people.

Utilities. The electric power consumption of the reference nuclear power plant would be
about 40 MW . The rate of removal of liquid water from the environment would be about 1800 f/sec
(28,000 gal/mm ). About half of this water would be returned to the environment as water vapor ,
and essentially all of the remainder would be returned in the liquid form.

3.2.1.5 Nuclear Power Plant Emissions

Reference plant emissions are sumarized in Table 3.2.1.

TABLE 3.2.1. Nuclear Power °lant Emissions

Annual
Emissions Descriptions Quantity

10 3Gaseous Building ventilation 1.5 x 10 m
exhausts (air)

Liquid Liquid effluents 1.5 x iolO kg
(water) to river

Cooling tower Evaporated , 1 38°C 2 x 1010 kg
water:  Drift , T = 38°C 1 x 108 kg

Bl owdown , T = 27°C 4 x l0~ kg
Other Heat 1.5 x l0~ MW-hr(5 x 1013 BTU)

3.2.1.6 Nuclear Power Plant Costs

The total facility capital cost for the reference nuclear power olant was developed from

an analysis of actua l or estimated costs for a large number of domestic Dlants . Adjustments

were made for plant power rating , mid—1976 1icensinq requirements , and mid-1976 costs. The

breakdown of the total cost into man-hours , dollars . and quantities , as shown in Table 3.2.2,

is typical of current generation BWR5 and PWRs. No provision has been made for incremental

costs resulting from changes in licensing criteria after 1976.

*Occ~sional TRU waste could arise from cladding failure. 

.-
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TABLE 3.2.2. Nuclear Power Plant Cap ital Cost Estimate

Costs ,
Man-hours , l000s l 000s of Mid-1976 Dollars

Cost Element Nonmanual Manual Material Labor Total
Major equipment 800 180,000 10,000 190,000
Buildings and structures 3,600 50,000 45,000 95,000
Bulk materials 3,200 50,000 40,000 90,000
Site improvements 400 10,000 5,000 15 ,000

Subtotal of direct site 8,000 290,000 100,000 390,000
construction costs

Indirect site 3,000 2 ,000 35,000 60 ,000 95,000
construction costs

Total field cost 3,000 10,000 325,000 160,000 485,000
Architect -engineer services 75,000

Subtotal 560,000
Owner s cost 240,000

Total facil i ty cost 800,000
Estimated accuracy range ±5%

The total facility cost includes all plant -related costs incurred from the start of
engineering to the initiation of comercial operation with the exceptiot~ of working capita l
and the following specific exclusions:

• cost of the initial reactor core and subsequent refuelin gs .

• costs of onsite radioactive waste management systems and facilities other than those
specified in Section 3.2.1.3

• costs of shipping casks and other radioactive material containers intended for use
primarily offsite.

Inasmuch as a substantial number of LWRs have been built , the engineering scope
required for a functional plant consistent wi th recent licensing requirements is relatively
well understood. Hence , the accuracy range primaril y reflects uncertainties in quantities
and pricing for labor , materials , and equipment. Within the indicated accuracy range , there
Is approximate l y an equal likelihood of cost overrun or underrun.

The operating and maintenance cost of the reference nuclear power plant is estimated to
be about $20 to $25 million per year. In addition , fuel would cost an estimated $35 million
based on:

• natura l uranium at $40/lb U308
• separation work at $100/kg

• U308 conversion to UF6 at $3.5/kg of uranium

• fabrication cost at $100/kg of uranium

• 3.2w 235U in fuel

• 0.2% 
235U in tails from enrichment process

• 33,000 MWd/MT equilibrium fuel exposure

• 32% thermal to electric conversion efficiency

• a 70% capacity factor (7.4 x l0~ KWh/yr).



3.2.9

These costs do not include any spent fuel storage costs, waste management costs, or reprocess-
ing costs or credits.

3.2.1.7 Nuclear Power Plant Construction Req~irements

Many factors relating to site preparation and construction of the reference plant may have
some impact on the environment , the local economy , and the natural resources of the surrounding
area . The information that follows provides a basis for evaluating the impact of construction
activities .

Project Schedules and Construction Manpower. The estimated schedule for engineering,
procurement and construction of the reference nuclear power plant is given in Figure 3.2.3.
Fi gure 3.2.4 shows construction labor force size, composition and schedule.

I
ENGINEER I NG .

PRELIMINARY ENGINEERING

ENVIRONMENTAL REPORT — —PSAR
CONSTRUCTION PE RMIT 4

~ FSAR

5 OPERATING LICENSE I A

~ DETA ILED D E S I G N  —

~~~~

• .— —— I.
~

PROCUREMENT
CONSTRUCTION I

PRE -STARTUP CHECKOUT
EIJEL L O A D I N G  +
STARTUP AND OPERATION I ________ I

YEARS

FIGURE 3.2 .3 .  Nuclear Power Plant Eng ineering, Procurement and
Construct ion Schedule

Distr ibution of Ons ite and Offsite_ Costs . Onsite costs are those for all construction ,

m a t e r i a l s , and servi ces provided at the site of the olant whi le offs ite costs are those for all

services provided , and materials and equipment fabricated or assembled elsewhere . The distr ibu-

tion of total costs in these categories is as follows :

Onsite costs S172 ,000 ,000
Off s i te  co sts S628,000,000

Total $800,000,000

]~~porary_Construction Facilities. Temporary fac ilities and ser vic es required at th e
site during the construction period include the fo1l~wing :

• equipment storage areas

• temporary roads and fences

• temporary bui ldings

• electrical and water utilities

• temporary sewage service.
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FIGURE 3.2.4. Nuclear Power Plant Construction Labor Force

Schedule

Site Requirements. The reference nuclear power plant requires 8 ha (20 acres) for facili-
ties on a 400 ha (1000 acre) site. Four ha (10 acres ) are needed for construction storage,
work yards , temporary buildings and labor oarking.

Water. About 2 x ~~ m
3 (5 x l0~ gal ) of water are required during the construction

period .

Construction Materials. Major material requirements for facility construction are :

Concrete 190,000 m3 (250,000 yd3)
Steel 54,000 MT (60,000 tons)
Copper (mainl y 1 ,800 MT (2,000 tons )
wire and cable)

Zinc 9 MT (10 tons )
Alum inum 450 MT (500 tons)

Lumber 5,900 m3 (2.5 x 106 board feet)

~~~~~ Resources used during construction will be:

Propane 1.5 x 106 c. (400,000 gal )
Di esel fuel 1.5 x l0~ Q (3,900,000 gal)
Gasoline 1.0 x l0~ 9, (2,600,000 gal)
Electricity

Peak demand 2700 kW
Total consumption 1.0 x 10~ kWh
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Transportation Requirements. Approximately 1 .6 km (1 mi) of new , two-lane paved road
will be required to provide automobile and truck access from the nearest highway to the site.
Approximately 3.2 km (2 mi) of new railroad spur will be required for site railroad service .

3.2.1.8 Effects of Fuel Cycle Options

Operation of a given nuclear power plant would be affected relatively little by implementa-
tion of any of the fuel cycle options considered in this study , namely, the no recycle option ,
the uranium -only recycle option , and the uranium and plutonium recycle option.

3.2.2 e engent Spent Fuel Storage Basin

Unti l such time as spent fuel can be shipped to either a fuel reprocessing plant or a
Federal was te repository , a large amount of spent fuel storage capacity is expected to be
required. Nucl ear power plant storage basins can accomodate most of this spent fuel , but a
si zeable portion (possibly 25%) may be stored in large independent spent fuel storage basins
( ISFSBs ) .  These storage basins are also referred to as Away From Reactor (AFR) basins .

A reference ISFSB is described here to provide a basis for defining the radioactive
wastes and effluents produced in such fuel storage operations . Under the conventions used
in thi s report, such wastes are considered to be primary wastes if the storage precedes fuel
reproc essing but secondary wastes if the storage occurs as part of the once-through fuel
cyc le. This  is because secondary wastes are defined as being those produced during manage-
ment of primary wastes and the spent fuel is considered a waste in the once-through cycle.
Thus , the ISFSB described here is considered to be used for storage of fuel before it is
reprocessed . A ISFSB of sli ghtly different design is described in Section 5.7.1 for use in
the once-t hrough cycle. The facility desi gned in Sect ion 5.7. 1 has a fuel shipp i n g  and

receiving fa ci l i ty design which is more amenable to expansion , utilizes six storage pools
each capab le of storing 500 MTHM (instead of a single 3000 MTHM storage basin) and employs
a more compact storage array . The more compact array is made possible by the use of stainless
steel rather than a luminum storage racks and canisters or baskets (stainless steel absorbs
neutrons more efficiently than does aluminum). Either of the two designs could be used
for providing storage orior to reprocessing or packaging for f inal isolation ; the alternate
desi gn described in Section 5.7 .1 was developed to allow expansion of the receiving capacity

to 2000 MTNM/yr to match the capacity of a fuel packag ing faci lity and to provide for modular
addit ion of a packaging facil i ty. This modified ISFSB is described in Section 5.7.2.

3. 2.2. 1 Selection of the Reference_Indep~ndent Sp,~nt Fuel Stor~~~~3asin

The reference ISFSB provides storage of the discharged LWR fuel elements in a water
basin. It was chosen as the reference concept because i t  is the established and proven con-
cept for the storage of LWR fuel . Other alternatives for long- term storage of spent fuel

include storage of packaged fuel in air-cooled vaults , in dry caissons, or in surface storage

casks. These concepts , however , all require several years of prior storage for radioact ive

decay before they are feasible. 
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The reference ISFSB has the capacity to store 3000 MTHM of irradiated PWR and BWR fuel.

The total number of fuel assemblies that may be stored at design basis capacity is approxi ’ iate l y
10 ,000, comprising 4000 PWR and 6000 BWR as semblies . Reference fuel , upon receipt , wi ll have
been cooled a minimum of 180 days and have an average burnup of 29 ,000 MWd/MTHM . The ISFSB is
equipped to receive and shi p spent fue l in casks by both rai l and truck. The capacity for handling

(receiving plus shipp ing) spent fuel is 1000 MTHM/yr. The facility can thus be filled or emr tied

within three years or ~t can provide a six-year lag storage period with a steady-state annual

throughput rate equal to 500 MTHM/yr or one-sixth of the total storage Capacity.

3.2.2.2 Independent Spent Fuel Storage Basin Process

The primary functions of the ISFSB are to receive , store , and ship spent LWR fuel . The

processes required for these operations are described in more detail in Section 5.7.1 and are

sumarized only briefl y here.

Fi gure 3.2.5 presents a schematic representation of the operations involved at an ISFSB.

This figure also illustrates the sources of the wastes that result from the operation of the

reference ISFSB. Spent LWR fuel assemblies are received in shipping casks. These casks are

imersed in water and the assemblies are transferred to storage baskets or racks. The baskets

or racks are then moved (underwater) to the storage position in the water basin. Fuel asse mbl i es
identified as containing leaking elements are placed in special containers which are vented to an

off-gas treatment system. During all these operations the water serves as both a radiation shield

and a heat transfer medium. After removal from the water basin , the empty casks are cleaned

(decontaminated) both inside and Out to specified levels and are then returned for another shipment.
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FIGURE 3.2.5. Independent Soent Fuel Storage Basin Process Flow Diagram

When fuel is shipped from the ISFSB to a fuel reprocessing plant , the assembl ies are

transferred from the s torage baskets or racks back into shipping casks , wh ich are then removed

from the water basin , c leaned as required , and sh ipped .
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Th e water within the basin is continuously recirculated through a treatment system to
maintain i ts chemical and radiochemical purity within desired ranges. Solutions used to
regenerate the ion exchange resins used in the water treatment system and some of the decon-
taminat ion solutions are fed to a concentrator. The overheads from the concentrator are

discharged to the atmosphere.

3.2.2.3 Independent Spent Fuel Stora~e Bas i n Desc rip ti on

Fi gure 3.2.6 is a plot plan showing the arran~ement of the facilities that compose the

reference ISFSB. The structural features of these facilities are listed in Table 3.2.3.

The facilities are located within a perimeter security fence enclosing approximately 6 ha

(15 acres) that , in turn , is centrall y located within a 400 ha (1000 acre) site . Main plant

features include the storage basin, cask and fuel handl ing area , and rad ioactive waste and

bas in water treatment area. These are enclosed within Category I structures . Support , utility,

and general facilities are also provided within the secured area . Systems and features of the

ISFSB associated with radioactive waste management are not considered for this reterence
facility. The approximate area that would be occupied by such facil it ies is indicated on the
plot plan.
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FIGURE 3.2.6. Independent Spent Fuel Storage Basin Plot Plan 
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TABLE 3.2.3. Description of Independent Spent Fuel Storage Basin
and Re lated Structures

Structur al
Item Description Category I

Foundat ions Reinforced concrete As a pp l i cable
Cask and fuel hand ling
fac i l i t ies :

Sup er struc ture Struc tural steel f ram i ng ~nc 1ud ing crane girders Yes
and su pport columns

Roof dec k and siding Special insulated type with blow-away feature Yes
designed to fail in the event of a tornado

Cask unloading pools Stainless steel lined, reinforced concrete con- Yes
(CUPs) structed below grade

Fuel transfer canals Sta i nless steel lined , rein~orced concrete con- Yes
structed below grade

Wash and decon tami - Stainless steel lined , reinforced concrete con- No
nat ion pits structed below grade

Fuel s torage bas i n
facilities :

Supers t ructu re Structu ral steel fram i ng Yes
Roof deck and siding Special insulated type wi th blow-away ’ feature Yes

designed to fail in the event of a tornado

Fuel storage bas in Stainless steel lined , re inforced concrete con- Yes
structed to have the Torninal water surface below
grade

Fuel storage canis— Al uminum Yes
ters and racks

Emergency power area :

Superstructure Reinforced concrete Yes

Radioac ti ve waste and
basin water treating:

Supers tructure , in- Reinforced concrete Yes
cluding cel ls
des i gned for
shielding

Support facility
area : (a)

Sui~erstructu re St ructura l steel fram i ng No
Roof deck and siding Insulated panels No

a , Inc ludes basin water pumps , cool ing equipment . ventilation equipment and other
support equi pment .

Fac ilit y parameters of special importance to environmental considerations are those of

the exhaust stack and the cooling tower. Tables 3.2.4 and 3.2.5 list typical values of such
parameters .

Other major systems and equipment can be classified according tc handling, storage , and
support func tions .
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TABLE 3.2.4. Independent Spent Fuel Storage Basin
Cool ing Tower Data

Heat load 15 MW

Wa ter flow :

Circulating = 310 9,/sec @ 27-38°C

Eva porated = 6.2 i/sec ~ 38°C
In drift = 0.03 ~/sec @ 38°C
In blowdown = 1 .1 2/sec @ 27°C

Makeup = 7.3 ~/sec

Note: 1 ;/sec = 15.8 gpm

TABLE 3. 2 .5. Independent Spent Fuel Storage Basin
Ex haust Stack Data

Exhaust flow = 120 m3/sec
Exhaust veloc ity = 15 m/sec

Release height = 45 m

Cas k and Fuel Handli m dEauipment. Irradiated fuel will be received in
shipp ing casks , un loa ded under wa ter and placed i n storage un i ts . Cask and fuel handling
systems and equipment include :

• ca s - . fuel and cani ster handling cranes

• wet cask cooldown

• cask wash and decontamination

• two cask unloa ling and loading pools (CUPs) approximately 15 m (50 ft) deep

• cani ’ter transfer cana l

• cast and equipment storage.

Fuel Stor~ge Bas in Syst~~~~~~~~q~jp The fuel storage basin (FSB) has approximately

2000 m2 (21,000 ft2) of water surface and a depth of 9 m (30 ft). Major equipment and systems

include:

• canister handling and storage crane

• fuel storage canisters and rack s

• basin water cooling

• ba sin water cleanup and treatment.

Su~ppprt stems and~~q~~p~ient. These systems and equipment provide the following func-

tions for the ISFSB:

• heating, ven tilating and air conditioning (based on once-through design )

• cool ing water

• wa ter suppl y and treatment

• steam generation

• compressed air

• comercial and emergency electrical power

• fire protection

-- ~~~~~~~~~~~~~ ~~~~~~~
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• anal ytical laboratory
• administration and personnel service buildings and parkin g

• secu rity (including gate house , yard fencinq, liqhting, intrusion alarms , etc .)

• roads and ra ilroads

• cask truck trailer parking

• rail siding for cask rail cars

• warehouse
• san itary waste disposal

• fuel oil storage.

3. 2.2.4 Independent~~pent Fuel Storage Bas in Ooerat i ng and Maintenanc~~~~q~j~ements

Operati ng requ i rements may vary over a wide range from receiv i ng spent fuel at rates up

to 1 000 MTHM/yr with no shipping operations , to passive storage of a full basin for long

periods with neither receiving nor shipping activities , to shioping at rates up to 1000 MTHM/yr

with no receiving operations. In any case , the fac ility is manned 24 hours a day, 7 days a
week. To provide a basis for estimating representative waste generation compositions and

rates , a reference operating condition has been defined assuming a full basin and receipt of

spen t fuel at an average rate of 500 MTHM/yr , wi th si multa neo us sh i pments offsi te at an average
rate of 500 MTHM/yr. Under these conditions fuel is stored in the basin for 6 years .

Operating and maintenance requirements are discussed in further detail in Section 5.7.1.

3.2.2.5 Independent Spent Fuel Storage Basin Emissions

Emissions from the reference ISFSB are summarized in Table 3.2.6.

TABLE 3.2.6. Independent Spent Fuel Storage Basin Emissions

Annua l
Em i s s i o n  Descri pt ion Quantit~~

Gas eous Venti lat ion air and 4 x 10~ kg
vap orized excess
water

Coo ling tower Evaporated , T = 38°C 2 x 108 kg
water: Drift , T = 38°C 1 x 106 kg

Bl owdown , T = 27 °C 3 x l0~ kg

Other Heat 1 .3 x 10~ MW-hr
(4.5 x 1011 BTU)

3.2.2.6 Independent~~p~pt Fuel Storage Bas in Costs

The capital cost estimate for the reference ISFSB is shown in Table 3.2.7 expressed in

m id-1976 dollars . The total capital cost includes all plant-related costs incurred from the

start of engineering to the initiation of commercial operation wi th the exception of working

capital and the specific exclusions stated below. A complete description of the cost esti-

mate basis , assumptions , and defin itions is given in Section 3.8.
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TABLE 3.2.7. Independent Spent Fuel Storage Basin Capital Cost Estimate

Costs,
Man-hours , l000s l000s of Mid-1976 Dollars

Cost Element Nonmanual Manual Material Labor Total
Major equipment 200 17,000 3,000 20,000
Buildings and structures 1 ,400 11,000 19 ,000 30 ,000
Bulk materials 800 8 ,000 10,000 18,000
Si t e impr ov ement s 100 1 ,000 1 ,000 2,000

Subtota l of direct site 2,500 37,000 33,000 70, 000
const ruct i on costs

I n d i r ect site 700 500 12 ,000 16,000 28,000
co n s t r u c t i o n  costs

Tot al f ield cost 700 3, 000 49, 000 49,000 98 ,000

Architect-engineer services 19,000
Subtotal 117 ,000

Owner ’ s cost 33 ,000

Total facility cost 150 ,000
Estimate accu racy range ±30%

The est imate ’ s accuracy range reflects uncertainties in the engineering scope required

to provide a fully functional plant based on the technology described and in the pricing and

quant ities for labor , materials, and equ ipment. A contingency covering these and similar

factors has been included in the base estimate . With the contingency included , there is an
approxima tely equal likelihood of the indicated cost being overrun or underrun .

Two general categories of costs are excl uded from this estimate . These are :

• costs of final radioactive waste immobilization and packaging facilities

• costs of shipp ing casks and other radioactive material containers intended for use

primari ly of fs i te .

The operating cost of the reference ISFSB is estimated to be in the range of $2 to $4
million per year.

3.2 . 2 .7 Independent Spent luel Storage Basin Construction Requirements

Many factors relat ing to site preparation and construction of the ISFSB may have some

impact on the environment , the local economy, and the natural resources of the surround i ng
area . The information that follows provide a basis for evaluating the impact of construction

activities .

Project Schedules and Construction Manpower. The estimated schedule for engineering,

procurement and construction of the ISFSB is shown in Figure 3.2.7. The construction labor

force size, composition and schedule is shown in Figure 3.2.8.

Distribution of Onsite and Offsite Costs. Onsite costs are those for all construction ,

materials and services provided at the site of the ISFSB , w hi le offsite costs are those for

,:-.~ ~~~~~~~~~ ~~~~~~~~~~~~~
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FIGURE 3.2.7. Independent Spent Fuel Storage Basin Engineering, Procuremen t
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FIGURE 3.2.8. Independent Spent Fuel Storage Basin Construction Labor
Force Schedule

all services provided , and for materials and equipment fabricated or assembled elsewhere.
The distribution of tota l costs in these categories is shown below :

Onsite costs $ 56,000,000
Offsite costs $ 94 ,000 ,000

Tota l $1 50,000,000

—
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Site Requirements. The [SFSB requires 12 ha (30 acres ) for facilities on a 400-ha

(1000-acre) site . Approximately 4 ha (10 acres) are required for construction storage , work
yards , temporary buildings , and labor parking.

Wate r. About 4.5 x l0~ m
3 (1 .2 x 1O~ gal) of water are requ i red during the construction

period.

Constructio n Materials. Major material requirements for facility construction are :

Conc rete 23,000 m3 (30,000 yd 3)

Steel 7 ,300 MT (8,000 tons)
Copper 18 MT (20 tons)
(mai nly wire and cable)

Zinc 9 MT (10 tons)

Al um inum 820 MT (900 tons)
(racks and canisters )

Lumbe r 710 m3 (300,000 board feet)

Energy. Resources used during construction will be:

Propane 380 ,000 2. (100,000 gal)

Di esel fuel 4 ,200,000 2. (1 ,000,000 gal ,

Gasol i ne 2 ,600,000 1. (700,000 gal)

Electricity

Peak demand 700 kW

Tota l consumption 3.8 x 106 kWh

Transp ortation Requirements. Approx imately 1.6 km (I ml) of new road will be required

to provide automobile and truck access from the nearest highway to the site . Approximately
3.2 km (2 ml ) of new railroad spur wi ’l be required for site railroad service .

3.2.2.8 Effects of Fuel Cycle Options

The reference ISFSB was intended for use in supplementing nuclear power plant basin storage

capac ities when spent LWR fuel is to be reprocessed for recovery of uranium and plutonium . How-

ever it could be used iii other fuel cycles with little change in operation .

No Recycle. Eliminating fuel recycle would do away with the use of an ISFSB for interim

storage of fuel prior to reprocessing. However , the alternative would likely result in

increased use of essentially identical storage basins for the interim storage of fuel prior to

final disposition. This application is discussed in Section 5.7.1.

Uranium Recycle Onl y. This alternative would have little effect on the operation of the

ISFSB other than reducing the decay heat release rate by about 10% because fewer heat-generating

actinides would be present.

3.2.3 Fuel Reprocessing Plant

The purpose of the fuel reprocessing plant (FRP ) is to recover and purify the uranium and

pl utonium present in spent fuels so that they can be recycled to a nuclear power plant. The

reprocessing plant also provides facilities for converting uranium and plutonium nitrate solu-

t ions to UF6 and Pu02, respectively.
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3.2.3.1 Selection of the Reference Fuel Reprocessing Plant

The reference FRP incorporates the following process steps :

• underwater storage of the spent fuel awaiting processing

• recovery and purification of the uranium and plutonium by solvent extraction (using the

Pu rex process) to produce nitrate solutions of these metals

• conversion of the plutonium from nitrate solution to solid plutonium dioxide (Pu02)

• conversion of the uranium from nitrate solution to solid uranium hexafluoride (UF5).

Eac h of these steps has been carried out successfully for years in government facilities. No

one plan t has yet incorporated all of the steps; the FRP designs for Allied-General Nuclear

Services (AGNS) and for Exxon Nuclear Company , however , include all these process steps ,

al though with some differences in approach. Because of the general agreement on the best

approach to be used (based on current technology), no other alternatives were considered .

The assumptions for operation of the reference FRP include:

• a process ilig rate of 2000 MTHM/yr

• spent fuel aged at least 6 months (after discharge from reacto ) before receipt at the FRP

• spent fuel stored at the FRP for up to 1 year and at least 1.5 years old before processing

• spent fuel average burnup is 29,000 MWd/MTHM.

3.2.3.2 Fuel Reprocessing Plant Process

The reference FRP process more closely resembles the AGNS process than the Exxon Nuclear pro-

cess . Figure 3.2.9 is a simplified block flow diagram showing the main process functions. The

process steps are shown in more detail in Figure 3.2.10. This figure illustrates how “waste ”

streams from many ope~ations are actually recycled to other operations for reuse, t hus grea tl y
reducing the overall amount of actual waste that must be treated. Figure 3.2.10 also illus-

trates the sources of the liquid and solid wastes that result from the operation of the

reference FRP.

SPENT
FUEL

FUEL RECEIII~iG U R A N I U M  UF6

L AN D SIORAG E CONVERSION

CHO P FUEL DISSOLUTION EXTRACTION 

~ 
Pu0 2

FIGURE 3.2.9. Simplified Flow Diagram of Fuel Reprocessing
Pl ant  Proces s
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Spent fuel assemb lies arrive at the FRP in shielded casks . In the fuel receiving and
storage facility, the fuel i s removed from t he cas k and stored in a water bas i n 1 n which the

water is continuously purified and cooled . These steps at the FRP are essentia l y identical

to those at the independent spent fuel storage basin (ISFSB) described in Section 3.2.2.

Some receiving and storage operations at the FRP are different from those at toe ISFSB ,

however , because of the opportunity for facility sharing at the FRP. The storage basin

process off-gas , for example , can be routed to the same vessel off-gas system that serves the

other FRP steps. Also , the same general purpose concentrator can handle liquid wastes from

bo th sou rces .

The next step in the reference process is fuel shearing. In this step, the fuel elemen ts
are chopped into short segments a few centimeters in length so that the contained fuel

(predominantly UO2) will be exposed to the dissolve nt . In the fuel dissolution step, nitric

ac id is used to dissolve the fuel , thus providing an aqueous nitrate solution containing

nea r-l y all of the uranium and plutonium and most of the fission products . The fuel cladding

material (stainless steel or a zirconium alloy ) does not dissolve in nitric acid and is

removed as a solid waste (generally referred to as “hulls ”).

The uranium and plutonium are then separated from each other and are purified from

fission products by a series of solvent extraction operations employing tributyl phosphate

(TBP) in a hydrocarbon diluent. In the first contactor , the u ranium and plutonium are
coextracted into the solvent phase, wh ich is then contacted (scrubbed) with a HNO3 so lu t i on
to improve separation of the fission products . Essentially all of the fission products leave

this contactor in the aqueous phase, which , after concen tration , is termed high-level liquid

waste (HLLW).

In the second contactor the pluton ium is preferentially stripped into an aqueous solution

while the uranium remains in the solvent phase. The uranium is stripped into another aqueous

sol ution in the third contactor. After the uranium stream is concentrated , a second solvent

extrac tion cycle is performed to provide additional purification from plutonium and fission

prod ucts . Final uranium purification is provided by sorption of residual fission products on

s i l i ca gel .

The plutonium is further ourified from uranium and f ission oroducts in two additional
s olvent extraction cycles . The aqueous streams from these two extraction columns and also

fr om the second uranium extraction column are combined and passed through a recovery column

to reduce the amounts of uranium and plutonium that end up in the waste.

The solvent phase is continuously treated to remove undesirable impurities that are

fo rmed , and the bulk of the solvent is recycled . The aqueous solutions used to purify the

solvent are concen trated along with other miscellaneous aqueous streams . This concentrated

sol ut’on is termed intermediate-level liquid waste (ILLW).

The nitric acid solution resulting from waste concentration is fractionated into “wa ter ”

(‘~0.0lM HNO3) and HNO 3 (%l OM) fractions. The recovered HNO3 fraction is reused , as is a

portion of the recovered water fraction. The excess water is treated to remove fissinn

product iodine and is then vaporized, mixed with the building ventilation air , and released

to the atmosphere via the process building stack.
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In the Pu02 convers ion facility , the p luton i um is prec i p itated by the addition of oxalic

ac id and the plutonium oxalate thus formed is filtered off and is then calcined to plutonium
dioxide (Pu02).

In the UF6 plant, the purified uranium is ca 1 cined to uranium trioxide (U03), wh i ch is
reduced by hydrogen (cracked ammonia) to uranium dioxide (U02). The L’~anium dioxide is
converted to uranium tetrafluoride (UF4) by hydrogen fluoride, and the UF4 is converted to
uran ium hexafluoride (UFE) by reaction with fluorine in a fluidized bed .

To summarize, the following steps are involved in the reference FRP process:

• receiving and unloading spent fuel assembli es

• washing and decontaminating casks

• moving the fuel assembl i es to the shear

• shear ing the fuel assemblies

• d issolving the fuel

• separating the fuel hulls and hardware

• centr ifuging the dissolver solution

• separating and purif ying the uranium and plutonium in  liquid-liquid solvent extraction

contactors

• concentrating product and waste streams

• recover ing nitric acid and water for reuse

• purifying the used solvent

• converting urany l nitrate to UF6

• packaging and storing UF5

• converting plutonium nitrate to Pu02

• pac kaging and storing Pu02.

A schematic representation of the sources of the FRP gaseous waste streams is shown in

F igure 3.2.11. The off-gases from the shearing and dissolution operations are combined for

extensive treatment before being mixed with the building ventilation air. The vessels involved

in the recovery and purific ation operations and most of the product conversion operations , as
wel l as the gases released from leaking fuel elements in the fuel storage area , are vented to
another system for treatment before being mi xed with the building vent ilation air. The venti-

la tion air from the fuel receiving and fuel storage areas is released up a separate stack ,

wb’l e that from the remainder of the operations passes up the main stack.

Though the ventilation air from the fuel receiving and storage facility i s normally
released without tr~atment , an atmospheric protection system (APS) is installed for use in the

unlikely event of serious contamination of this ventil~ tion air. The air from nearly all of

the other facilities is passed through an APS for final filtratio n before it is released up

the ~ta- k . The exceptions to this are the air contain ing fluoride contamination from the

operations involved in conversion to UF6, and the vaporized excess water.

-
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FIGURE 3.2.fl. Sources of Fuel Reprocessing Plant
Gaseous Was te St reams

3.2.3.3 Fuel Reprocessing Plant Description

The description of the FRP presented here is a general one, giving bas ic  bac kground
information. It is meant to serve onl y as a point of reference for the more comprehensive

sections that follow on radioactive waste management facilities. Waste management facilities

sharing the FRP site , bu t not directl y involved in the fuel reprocessing operations are :

• HLLW storage (Section 5.1), sol idification (Section 4.1), and solidified hi gh-level

waste storage (Section 5.4)

• fuel residue packaging (Section 4.2) and storage (Section 5.2)

• failed equipment and noncombustible waste treatment (Section 4.3) and storage (Sec-

ti on 5.3)

• compactable and combust ible waste treatment (Section 4.4)

• degraded solvent disposal (Section 4.5)

• ILLW imm obilization (Section 4.7) and storage (Section 5.3)

• off-gas treatment and filtration (Sections 4.8-4.11)

• waste shipment , i nvol v in g conta i ners , casks , and transpor ters (Section 6).
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The 2400-ha (6000-acre) plant site is fenced wi th posted agricultural -type fencing. The
main plant facilities are located near the center of the site , wi thin a protected security
area of about 36 ha (90 acres).

Figure 3.2.12 is a plot plan for the reference FRP. The principal facility shown on the

plot is the main Drocess building, which encloses the head-end , solvent extraction and oroduct

conversion processes and is contiguous with the fuel receiving and storaqe building. The~ e
are seismic desi gn Category I structures . Other Category I structures (indicated by heavy

outlines on the plot plan) include the emergency utilities building, and the emergency water

pond pump structure . Systems and features of the FRP associated wi th radioactive waste

management are not included in the basic reference facility . They are described in subsequent

sections as ioen~ i fied above. The approximate area that would be occupied by such facilities

is indicated on the plot plan by dashed lines .
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Main Process Buildin g . The main process building houses most of the facili ties requir-
ing heavy shieldin g for protection of personnel from penetrating radiation . The cells and

many cther compartments of the process buildin g are constructed of massive reinforced con-

crete walls up to 150 cm (5 ft) thick. For most cells containing radioactive materials , the
floors and the lower portion of the walls are lined with stainless steel . Many of the cell

and compartment surfaces not lined with stain ’ess steel are covered with special radiation -

resistant coatings and paint.

The ma i n p rocess bu i ld i ng a l so  incl udes :

• heating and ventilation systems

• sampl ing systems

• analytical laboratories

• health physics facilities

• con trol rooms

• maintenance ce lls

• remote operating and handling gear

• decontamination cel l s

• change rooms and of f ices.

Fuel Rece iving and Storage Building . The fuel receiving and storage building has a

structural steel frame , including crane supports and girders . The building desi gn incorpo-

rates a special insulated blow—away ” siding and roof deck intended to fail in event of a

tornado . The cask unloading pool , wash and decontamination pits , fuel transfer canals and
e ljel storage pooi are below-ground structures made of reinforced concrete and lined with

stainless steel . Fuel storage canisters and racks are made of aluminum.

Fuel Reprocessin g Plant Utility and Other Support Facilities. The utility and other

support facilit y buildings , other than the Category I structures mentioned earlier , are
conventionally designed , wjth structural steel framing, insulated siding and roofs , and

concrete foundat ions. Such facilities include:

• utilities plant (steam , wa ter , air , elec trical)

• emergency utilities , includ ing two 100% capacity diesel electric generators and an

emergency steam boiler

• substations and electric power distribution systems

• water supply systems , water treatrient systems for process , utility and sanitary services ,

and water d istr ib ut i on sys tems

• cool ing tower, w ith pumps and circulation system

• emergency cool i ng pond with pumps

• gaseous effluent discharge lines and two stacks (storage basin and main plant)

• fire protection facilities , including fire water pumps
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• security fac il it ies

• warehouse

• garage and shops building

• administration building

• sewers and sewage treatment system

• roads , rail spur tracks , and fences .

Cool ing tower and exhaust stack data of partic ular importance to environmental considerati ons
a re g iven in Tables 3.2.8 and 3.2.9.

TABLE 3.2.8. Fuel Reprocessing Plant
Cool in g Towe r Data

Hea t load = 75 MW
Num ber of ce l l s  = 3
Water flow :

Ci rculating = 1 500 7sec @ 27—38CC

Eva porated = 31 /sec @ 38°C

In drift = 0.15 Z/sec @ 38°C
In blowdown 5.4 9./sec @ 27°C

Makeu p 36 i/sec

Note : 1 9./sec = 15.8 qpm

TABLE 3.2.9. Fuel Reprocessin g Plant Exhaust Stack Data

Ex haust Flow , Exhaus t Release
m3/sec Ve loc i t y , rn/sec jg

~~~

j

~

Main process stack 120 25 110
Fuel receipt and 80 15 45
storage stack

3. 2 .3 .4  Fuel Reprocessing Plant Operating an d Ma intenance Requ i reme nts

Operation of the FRP storage p001 must be continuous , while operation of the other

func tions can be intermittent. Because of start-up and shutdown inefficiencies , however ,
it is planned that processing be continuous for extended periods of time , and that shutdowns

be scheduled and infrequent. Maintenance at the FRP employs , for the most part , remote
handling techniques . Cranes , manipulators , transfer carts , sw ing arms , baskets , rac ks ,
hatches , and viewing windows are routinely used as part of remote maintenance activities .

Staffing . The reference FRP would require a staff of about 1000 people excluding waste

management functions.

Utilities. Fossil fuel to generate about 75 MW of heat would be consumed by the FRP

utilities plant. The electrical power consumption of the reference FRP would be about 17 MW .

The steam consumption of the FRP would be about 70,000 kg/hr (150,000 lb/hr). The steam

would be obtained from the onsite utilities plant .

- -7— ~~~~~~ - -.— --.-- • 0~
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The rate of removal of liquid water from the environment would amount to about 45 i/sec
(740 gpm). Of this amount , about 35 9./sec is required for cooling tower makeup and the
remainder for various process uses .

3. 2 .3 .5  Fuel Reprocessing Pl ant Emissions

Emissions from the reference FRP are characterized in Table 3.2.10.

TABLE 3.2.10. Fuel Reprocessin g Pla nt Emissions

Em ission Description Ann ual Quality
Gaseous Ventilation air Air 8 x 10~ kg

Vapo rized excess water H2O 2 x l 0~ kg

Combust ion produc ts NO + NO2 1 x lO~ kg

- SO2 1 x 10~ kg

CO 1 x l 0~ kg

CO2 4 x lO~ kg

Cool i ng tower Evapo rated , T = 38°C H2O 9 x i08 kg
wate r :  Drift , T = 38°C H20 4 x lO~ kg

Blowdown , T = 27°C H2O 2 x 108 kg

Liquids Nonradioact~ve liquid H2O 1 x 108 kg
eff l u e n t s  2 3SO~ 3 x l O  kg

N0~ 3 x l0~ kg

C1 5 x l0~ kg

Na~ + 1 x lO~ kg

Other Hea t 8 x l0~ MW-hr 
N

(3 x 1012 BTU )

3.2.3.6 Fuel Reprocessing Plant Costs

The cap ital cost estimate for the FRP is shown in Table 3.2 .11 expressed in mid-year

1976 do l l a rs . The est i mate is rep rese n ta t ive  of a typ i cal p l an t  bu i l t  at a mi dwes tern s i te
and l icensed for operation in the 1980-90 time period.

The total capital cost includes all plant-related costs incurred from the start of

eng ineering to the initiation of comercial operation with the exception of working capital

and the speci fic exclusions stated below. A complete descr iption of the cost estimate

bases , assumpt i o r s , and definitions is given in Section 3.8.

Two general categories are excluded from this estimate. These are :

• costs of the onsite radioactive waste management systems and facilities specified at

the beginning of Section 3.2.3.3

• costs of shipping casks and other radioactive material containers primarily intended

for use offsite .
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T ABLE 3.2. 1 1.  Fuel Reprocessing Plant Capital Cost Es ti mate

Costs,
Man-hours, l000s l 000s of Mid-1976 Dollars

Cost Element Nonmanual Manual Material Labor Total

Major equ i pment 600 78,000 8,000 86 ,000

Bu ildings and structures 3,600 39,000 43 ,000 82,000

Bulk materials 4,1 00 58,000 49 ,000 107,000
Site improvements 600 9,000 7 ,000 16 ,000

Sub total of d i rect s i te 8,900 184,000 107 ,000 291 ,000
const ruct i on costs

Indirect site 2,300 1 ,800 41 ,000 53,000 94,000
construct ion costs

Tota l fi eld cost 2 ,300 10 ,700 225 ,000 160,000 385 ,000
Arc hitect—engineer services 65,000

Subto tal 450,000
Owne r s cost 150,000

Total facility cost 600,000

Es tim ate accuracy range

The accuracy range indicated in Tabl e 3.2.11 reflects uncertainties in the scope of

engineering required to provide a fully functional plant based on the described technology ,

and uncer tainties in the prices and quantities of labor , mater ials, and equ ipment. A con-

tingency covering these and similar factors has been included in the base estimate. With thi s

contingency i n c l u ded , there is an approximatel y equal likelihood of the indicated cost being

overrun or underrun .

Operating costs of the reference FRP as described here are estimated to be in the range

of $30 to $50 million per year.

3.2.3.7 Fuel R~processing Plant Construction Requirements

• Many factors relating to site preparation and construction of the FRP as described in

this section may have some impact on the environment, the local economy , and the na tura l
resources of the surrounding area . The information that follows provides a basis for

evaluating the impact of construction activities.

Project Schedules and Construction Manpower. The estimated schedule for engineering,

procurement and construction of the FRP is shown in Fi gure 3.2.13. The construction labor

force size , composition and schedule are shown in Fi gure 3.2.14.

Distribution of Onsite and Offsite Costs. Onsite costs are those for all construction ,

materials , an d services provided at the site of the FRP while offsite costs are those for

all serv ices provided , equipment fabr icated or assembled , and materials purchased else-

where . The distribution 0f total costs in these categories is shown below:

Ons i te costs $175 ,000,000
Of fs it e cos ts 425 ,000,000

Total $600,000,000 

‘.ODs~~~; ~ -‘IlM 4 •
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FIGURE 3.2 .13. Fuel Reprocessing Plant Engineering, Procurement and
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Temporary Construction Facili ties. Temporary facilities include:

• temporary field offices
• construction warehouse and tool room

• shops for piping, electrical , instrumentat ion and similar crafts
• construct ion parking areas
• construct ion storage areas.

Construction Equipment. A large complement of construction equipment is required .
Major items include :

• three 150-ton crawler cranes of the Manitowoc-type or similar

• concrete batch plant of 76 m3/hr (100 yd3/hr) capacity . A source of sand and gravel
to feed this plant must also be developed .

Si te Requirements. The FRP site is about 2400 ha (6000 acres), approximately 40 ha
(100 acres) of which are required for faci l i ty instal lat ions. Approximately 60 additional
hectares (150 acres) are required for construction storage , work yards , temporary b u i l d i ngs ,
and labor parking.

Water. Abou t 1.8 x l0~ m
3 (4.7 x 1O 7 gal) of water are required during the construction

period.

Construction Materials. Major material requirements for facility construction are :

Concrete 120 ,000 m3 ~l5O ,00O yd
3)

Steel 25,700 MT (27,200 tons)
Copper 145 MT (160 tons)
(mainl y wire aid cable)

Zinc 9 MT (10 tons)
Alum inum 220 MT (240 tons)

Lumber 4 ,700 m 3 (2 ,000 MF BM )

Energy. Energy resources used during construction will be:

Propane 1.5 x 106 9. (400,000 gal)

Di esel fuel 7.6 x 106 9. (2 ,000 ,000 ga l)
Gasol ine 9.8 x 106 2. (2 ,600 ,000 ga l)
Electricity

Peak demand 3,000 kW
Total energy 7.4 x l0~ kWh

Transportation Requirements. A railroad spur track about 4.8 km (3 miles ) long must be

brought into the construction site. This track must be routed and constructed to suit the

fi nal p la nt layout for use i n br i nging i n the spent fuel casks mounted on rail cars . A
4.8 km (3 mile), two-lane paved road must also be constructed to the job site. This will be

required for worker s traffic and for material and equipment deliveries by truck. A future

use w ill be for the hauling of spent fuel casks by truck.
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3.2.3.8 Effects of Fuel Cycle Options

Use of the reference FRP ass umes reprocess i ng of s pen t LWR fuel and recycl i ng of
pu ri fied uranium and plutonium . Other uranium and plutonium recycle options , suc h as
“coprocessi ng ’ (leaving the plutonium mixed wi th at least part of the urani um) and “pa rt i al
decontamination ” (leaving more of the fission products with the plutonium), could be accom-

plished in a similar but possibly slightly modified plant. The following fuel cycle modes

have also been assessed as they relate to an FRP.

No Recycle. Eliminating fuel recycle would do away with the need for an FRP .

Uran iu m Recyc l e Only, with Plutonium to a Repository . This alternati ve would have

litt le effect on the FRP except fo r possibl y reduc i ng the requ i red number of p luton i um
pur i f i cat i on cycles .

Ura nium Recycle Only, with Plutonium to High-level Waste. This alternative would

requ ire modification of some process stream flows , possibly require some additional and/or

modi fied interim solution storage capability , and would eliminate some plutonium purification

and conversion operations.

3.2 .4 M i xed Ox i de Fuel Fab ri ca ti on P l a n t

• The reference mixed oxide fuel fabrication plant (MOX FFP) and its construction and

opera ting requirements are described here to provide a basis for assessing the requirements

for the related radioactive waste management functions. The purpose of the MOX FFP is to

utilize plutonium recovered in an FRP in fuel to be recycled through an LWR. At the MOX FFP ,

pluton ium dioxide is mixed with natural uranium dioxide to produce a fuel containing about 3~
fissi le plutonium (about 5~ total plutonium).

3.2.4.1 Selection of the Reference Mixed Oxide Fuel Fabrication Plant

The reference MOX FFP incorporates a process that mixes U02 and PuO2 pow ders , formi ng the

m i x ture i nto dense fuel  pe l l e t s , and seal i ng the fuel pellets w ithi n Z ir ca loy cladding tubes .

The reference plan t employs this process s i nce i t appears to be the one favo red by industry
after examining other methods , as evidenced by cormiercial designs and the construction of

small-scale fuel fabrication plants.

3.2.4.2 Mixed Oxide Fuel Fabrication Plant Process

The reference MOX FFP receives U02 and PuO2 powders , zi rconium alloy tubes , hold-down

sp ri ngs , and end plugs from offsi te producers . The plant produces sealed fuel rods ready for

insertion into fuel assemblies . The plant capacity is 400 MTHM of mi xed oxide fuel per year.
This size facility approximately matches the plutonium recovery rate from the reference FRP.

A schema tic diagram showing the major process operations is shown as Fi gure 3.2.15 .

Thi s f i g u r e  a lso illustrates the sources of liquid and gaseous wastes that result from

operation of the MOX FFP.
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The fuel rod production proceeds as follows :

• PuO2 and UO2 powders are mechanically blended in the proper proportions .

• The mixed oxides are pressed into cakes.

• The oxide cake is granulated and reblended .

• The granules are pressed into green ” pellets.

• The green pellets are s i ntered in high-temperature furnaces .

• The sintered pellets are finish ground.

• Fin ished pellets are washed and inspected.

• Finished pellets are loaded into cladding , (Zircaloy tubing cut to f i n i s hed leng th and
with bottom end-pl ug welded into place).

• The cladding is decontaminated , a pellet hold-down dev ice inserted , and the top end-

plug welded into place.

The comple ted fuel rod is then withdrawn from the restricted access area and additional

operat ions are perfo rmed. Such operations include :

• c lad degreasing
• clad etching and rinse

• x-ray inspection of fuel pel l et arrangement

• autoc laving of fuel elements

• fuel-clad leak check and dimensional inspection .

Contaminated and potentially contaminated liquid waste streams generated during the

process i ng include those generated during pellet washing and cladding decontamination ,

etching, and rinsing. The cladding-etch step generates waste HNO3-HF—H20 etch solut ion and
Al (N03)3-H20 etch—stop solution. The combined solutions are neutralized with Ca(OH)2 in

preparati on for waste treatment.

The clean scrap rework system handles mixed oxide material that is essentially free of

impurit ies , but that needs modification of physical state and/or chemical oxidation state

before rejoining the production line . The scrap is first size-reduced in a crusher and is

then subjected to multiple oxidation —reduction steps to achieve the required state . Oxidation
of U02 to U308 is accomplished by reaction with air at elevated temperature ; reduction back to

U02 is accomplished with hydrogen (diluted with nitrogen), also at eleva ted temperature . The

density changes that accompany these reactions result in production of finely-divided powder ,

ard the final hydrogen reduction produces the desired chemical form . The Pu02 remains

chemically unaltered during these operations.

Mixed oxide scrap material which is contamina ted with impurities is processed in the

dirty scrap recovery system. The dirty scrap throughput rate is estima t .~d to be about 2% of
the plant throughput rate. The dirty scrap is dissolved in nitric acid containing fluo ri de
ion to assist in dissolution of the Pu02. Aluminum ion is added to reduce corrosion and to
facilitate subsequent plutonium extraction. The uranium and plutonium are recovered and

separat ed from the impurities by coextracting them into TBP , by scrubbing the organic extract
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with a nit ric acid solution , and by costripp ing them into dilute nitric acid. The uranium

and pluton ium are then coprecipitated with aninonia, and calcined to oxides before being

returned to the clean scrap rework system. The aqueous streams from the coextraction and

scru bbing operations and from solvent washing are combined with the supernatant solution
from the precipitation step and are neutralized with calcium hydroxide prior to concentration.
The concentrator bottoms stream is a waste solution to be treated . The concentrator over-

heads stream (water) is reused in the process or is vaporized (along with other potentially

contam inated liquid wastes) for discharge to the environment.

Vapor ized excess water is the major process off—gas stream from the MOX FFP. This

stream is mixed with the large volume building ventilation exhaust air and discharged up the

stack. The only other source is the off-gas from the dirty scrap dissolver; this small

stream is scrubbed to remove the bulk of the nitrogen oxides before it is mi xed with the

ventilat ion air stream for discharge. Since gaseous radioactive materials are not present

i n the MOX FFP , the gaseous effluent treatment system is designed solely to retain solid

particles (Section 4.9).

3.2.4.3 Mixed Oxide Fuel Fabrication Plant Description

As w i th the other prima ry fac i l i t ies , the descript ion given here of the MOX FFP is a

general one providing a background for the following detailed discussions of associated

waste management facil ities. These waste management facilities are not considered in the

information presented in this section on the MOX FFP. Such facilities sharing the MOX FFP

site , b,ut not directly involved in the fuel fabrication operations , are :
• failed equipment and noncombust ible waste treatment (Section 4.3)
• compactab le and combustible waste treatment (Section 4.4)

• wet waste and particulate solids imobilization (Section 4.7).

Figure 3. 2.16 is a plot plan of the MOX FFP. The plant is built on a 400-ha (1000-acre)

s ite , fenced with posted agricultural-type fencing. The main plant facilities are located

near the c’°nter of the site within a protected security area of about 3 ha (8 acres). All

systems and services involved in the handling of Pu0 2 powders or MOX pellets are housed in

Category I structures , as are essential emergency features of the plant. These structures
are indicated by heavy outlines on the plot plan. The main plant is divided into the fol-

low ing functional areas characterized by the processes or operations carried on in each.

Production Materials Receiving and Preparation Area. In this area , the nonsens itive

production materials (principally U02, tubes , and hardware) are received , inspected , and
prepared for use in the fuel manufacturing process. This area is divided into two separate ,
noncontiguous subareas--one devoted to U02 receipt and temporary storage, and the other to
tube , spring, and fuel rod end-plug inspection and preassembly. Materials of this type are
received onsite in standard containers conveyed by comon-carrier trucks .

~~~~Rec eiving and Preparation Area. Plutonium dioxide powder is received in standard
DOT specification 6M containers or advanced design containers for shipment of recycle plu-
tonium. All shipments are expected to be received in safeguards-equipped vehicles. Shi p-
ments of Pu02 are received through a special entrance to the plant which is used for no other
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FIGUR E 3.2.16. Mixed Oxide Fuel Fabrication Plant

purpose. After irmediate accountability checks and container surface inspection , the PuO2 is

temporarily stored in its shipping container. At the time of unloading, the shipping con-

tainer is moved into a remotel y-operated shielded enclosure where the Pu02 i s removed from
its inner container and stored in bins while the components of the container are cleaned for

return or di’;card.

Pel let/ Rod Production Area. The operations associated with blending U02 and Pu0 2
powders , slugging , granulat ion , pellet forming, sintering, inspection , rod load ing and seal

welding are carried out in this area . Two parallel , shielded restricted access areas (R.AAs)
are provided in which all of the routine production operations are carried out remotely

through extensive use of automation. The RAAs are surrounded by limited access areas (LAAs)
in which personnel may perform a limited amount of maintenance on equipment or nonroutine
production operat ions through glove ports or by other means.

The LAA s are, in turn , surrounded by no 
• 

1 access areas (N AAs)  in which the routine
production operations are controlled and mon red by plant operating personnel .

Special Nuclear Material (SNM) Rework and Recovery Area. The main functions carried out
in this section of the plant are the rework of clean MOX scrap and the processing of the
dirty MOX scrap.
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Process Support Area. General facilities and systems that support production operations
are housed in this area . These include analytical laboratories , and emergency power and

control faci l i t ies .

Personnel Control and Technical Office Area. This area provides space for personnel

facilities such as lockers , change rooms , health physics and medical facilities . Technical

and production control office space is also provided in this area.

Utilities and Services Area. Norma l , nonsensit ive utilities are housed in this area ,
including electrical switchgear , air compressors , and other equ i pment .

Main Security Station. The security station provides all facilities necessary for

complete personnel and vehicle identification and inspection. It also acts as a central

monitoring point for perimeter and yard surveillance and is connected to security check

points within the main plant. It is constructed and equipped to resist armed assault.

Miscellaneous Facilities. Yard facilities include a tank farm , an area for the storage ,

m ixing and metering of production gases used in pellet fabrication and rework , fire water

tanks and pumps , impoundment ponds , a combina tion warehouse and shop and similar facilities .

The general administrative offices , meteorolog i cal tower, and secondary sewage treatment
fac ilities are outside of the protected security area .

Facil ity characteristics of special importance to environmental considerations are those

of the exhaust stack and the cooling tower. Tables 3.2.12 and 3.2.13 list these characterist ics .

TABLE 3.2.12. Mi xed Oxide Fuel Fabrication
Pl ant Cooling Tower Data

Heat load = 3 MW
Water flow :

Cir culat ing = 62 ~/sec @ 27-38°C
Evaporated = 1.2 i/sec @ 38°C

In drift = 0.006 2./sec @ 38°C

In blowdown = 0.22 2./sec @ 27°C

Makeup = 1.4 9./sec

Note: 1 dsec = 15.8 gpm

TABLE 3.2.1 3. Mi,ed Oxide Fuel Fabrication
Pla nt Exhaust stack Data

Exhaust flow = 15 m3/sec
Exhaust veloc ity = 15 m/sec

Release height = 20 m

Shi din and Remote Handling _ Equi p~~~t. Special shielding and remote handling equipment

are required for much of the facility and for many of the items of equipment. Required

shielding is not substantial. Special handling provisions are mainl y for the physical con-

tainment of the radioactive materials. Extensive use is made of automated , remote operat ions ,

and of operations through glove ports. Additional special handling considerations are

required by criticality safety considerations.
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3.2.4.4 Mixed Oxide Fuel Fabrication Plant Operating and Maintenance Requirements

Operat ion of the reference MOX FFP mainline process is assumed to be continuous (24

hours per day, 300 days per year). The dirty scrap recovery process is assumed to operate in

rela tively brief campaigns (days to weeks) when the accumulation of scrap reaches an appropri-

ate level (a few times a year).

Unusual maintenance requirements do exist since some maintenance must be performed on

contaminated facilities and equipment. Special facilities and equipment are provided to

al low such maintenance to be performed.

Utilities. The electrical power consumption for the MOX FFP would be about 3 MW . The

rate of removal of liquid water from the environment would amount to about 2.5 ;/sec (40

gal /mm ). About half of this water is for cooling tower makeup and the remainder for various

process uses.

Staffing . The ref eren ce MOX plant  wou ld require  a staff of about 300 people.

3.2.4.5 Mixed Oxide Fuel Fabrication Plant Emissions

Emissions from the reference MOX FFP are characterized in Table 3.2.14.

TABLE 3.2.l.~~ M i xed Oxide Fuel Fabrication Plant Emissions

Emission Description Annual Quantity
Gaseous Vent ilation air Air 5 x 108 kg

Vaporized excess water H20 5 x l0~ kg
Process releases N2 1 x 106 kg

H
2 4 x l0~ kg

N O+ NO2 l x  102 kg
NH3 5 x l 0 1 kg

Cool i ng towe r Evapor a ted , T = 38°C H20 4 x l 0~ kg
water:  Drift , T 38°C H20 1 x lO~ kg

Blowdown , T = 27°C H2O 7 x 106 kg

Liquids Nonradioactive liq u i d  H 2O 2 x l0~ kg
effl uents

P0~ 3 x l O  kg

NO~ l x l o 3 kg

Na~ 4 x 102 kg
Other Heat 3 x l0~ MW-hr

(1 x lo l l  BTU)

3.2.4.6 Mixed Oxide Fuel Fabrication Plant Costs

The capital cost estima te for the MOX FFP is shown in Table 3.2.15 expressed in mid -
1976 dollars . The estimate is based on an automated , semi-remotel y ma inta i ned facility
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and reflects an ticipated costs associated with stringent health and safety measures, con-

tinuous special nuclear material (SNM) accountability , and an advanced safeguards/security

program.

TABLE 3.2.15. Mixed Oxide Fuel Fabrication Plant Capital Cost Estimate

Costs,
Man-hours , l 000s l 000s of Mid-1976 Dollars

Cost Element Nonmanual ~4anual Material Labor Total
Ma jor equipment 300 18,000 4,000 22 ,000

Bu ildings and structures 1 ,200 5,000 15 ,000 20,000

Bulk mater i als 1 ,200 10 ,500 15 ,500 26 ,000
Site imp rovemen ts 100 500 1 ,500 2,000

Subto tal of direct site 2,800 34,000 36,000 70,000
construct ion costs

Indirect site 700 500 13 ,000 18,000 31 ,000
construction costs

Total field cost 700 3,300 47,000 54,000 101 ,000

A rchitect-engineering services 20,000
Su btotal 121 ,000

Owner ’s cost 39,000
Total facil i ty cost 160,000
Estimate accuracy range ~3O~

The total capita l cost includes all plant-rela ted costs incurred from the start of

engineering to the initiation of commercial operation with the exception of working capital
and the specific exc lus irns stated below . A complete description of the cost estimate bases ,
assumptions , and definitions is given in Section 3.8. Two gene ral ca tego ri es of cos ts are
excluded from this estima te. These are :

• costs C f  ons it e ra di oact i ve waste management systems and fac i l it ies

• costs of plu tonium and waste shipping containers and transporters intended for use

pri narily offsite .

7ne estima te accuracy range reflects uncertainties in the engineering scope required to

prov ide a fully functional plant based on the technology described and in the quantities and

pricing for labor , materials , and equipment. A contingency covering these and similar factors

has been included in the base estimate . With the contingency included , there is an approxi-

matel y equal likelihood of the indicated cost being overrun or underrun.

Operating costs of tne reference MDX FFP are estimated to be in the range of $30 million

to $60 million per year.

3.2.4.7 Mixed Oxide Fuel Fabri cation Plant Construction Requirements

Man y factors relating to site preparation and construction of the MOX FFP as described

in this section may have some impact on the environment , the loca l econ omy , and the natural

resources of tie surrounding area . The information that follows provides a basis for

evalua ”ing the impact of construction activities.

• - - .=— ~~~~~~~~~~~~~~~~~~~~~~ --A. ~~~~.- ,
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Project Sche dules  a nd Co nstruc ti on ~~~~~~~ The estimated schedule for engineering

procurement and construction is shown on Fi gure 3.2.17. The construction labor force size,

composition and schedule are shown in Figure 3.2.18.
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]istribut ion of 0nsite and Offsite Costs. Onsite costa are those for all construction
ma te rials and services provided at the site , while offsitF -jsts are those for all services
provided , equ i pment fab ri ca ted or assembled , and ma terials purchased elsewhere. The distribu-
t i o r of total costs in these categories is shown below :
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Onsite costs $ 62,000 ,000
Offsite costs 98,000,000

Tota l $160,000 ,000

~p~rary Con struction Faci l i t ies.  Ten ha (25 acres ) will be required ~or terlporary

const ruction facilities , to i nc lude :

• temporary field offices

• cons truction warehouse and tool room

• shops for pipin g , electrical , instrumentation and similar crafts

• construction parking areas

• constr uction storage areas.

Construc tion Eguipment. Equipment will be typical of norma l industrial-type projects .

An ons ite concrete batc~ plate will probably not be required.

Site Requirement:. T~e ~‘CX FFP requires a 400-ha (1000-acre) site, with 6 ha (15 acres )

devoted to facilities.

Wa ter. About 4.9 x 1 ~ m3 (1.3 lO~ gal) of water will be used during the C o r st r u ct lO f l

period.

Construction _Mate rials. Major material requirements for facilit y construction are :

Concrete 11 ,000 m3 (15,000 yd 3)
Steel 6,400 MT (7,000 tons)
Copper (mainly wire
and cable) 54 P.fT (60 tons )

Zinc 9 MT (10 tons)

Aluminum 4 MT (5 tons)

Lumber 710 n~~ (300,000 board feet)

Energy . Energy resources used during construction will be:

Propane 380,000 ~. (100,000 gal)
Diesel fuel 4,500,000 (1 ,200,000 gal)

Gasol i ne 3,000,000 2. (800,000 gal)

Electricit 1
Peak demand 1 ,000 kW
Total consumption 3.2 x 

- 

kIlh

Transportation Requirements. A new , two-’ane paved road approximately 1 .6 km (1 mile)

long will be required to support facility construction and subsequent plant operation. Rail

access is not required .

3.2.4.8 Effects of Fue l Cycle Options

Use of the reference MC~ FFP assumes reprocessing of  spent LWR fuel and recycli ng bo~h

the recovered ur 3ni um and plutonium . The MOX FFP would not be needed if the alternative

fuel cycle modes of no recycle or of uranium-o nly recycle were imp l emented .
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3.3 WASTE DESCRIPTIONS AND CLASSIFICAT I ONS

For the pu rposes of th i s  re por t, rad i oac tive  wastes a re de fin ed as a l l  gases , liquids and

solids that by virtue of their use in any part of the nostfission light water reactor (LWR) fuel

cycle , are actuall y or potentially contaminated with radioactivity and have been classified

wo~-n out , defect i ve , or of no further use. This section characterizes orimary wastes from the

postf i ss i on commerc i al LWR fuel cycle , i.e., wastes from the operation of nuclear power plants ,

i ndependen t spent fuel storage bas i ns , fuel reprocessing plants , and mi xed oxide fuel fabrica-

tion plants . Nuclear power plant gaseous wastes are not i n cl u ded in the scope of this report ,

howeve r, since they are extensively described and evaluated in in ii . idual nuclear pl ant envirnn-

mental impact statements. Additional subsidiary, or secondary, wastes resulting from treatment

and handling of the primary wastes are described in Section 3.5. .~autes that do not require

ma nage ment un ti l the time of p l a n t  decomm i ss ion i n g a re desc ri bed in Sect i on 8.

Characterization of primar y wastes requires definition of the following:

• composition of the waste

• rate of waste generation

• assoc iated ac t i v i t y .

In addition to defining these properties , it is helpful to categorize the wide variety of

prima ry wastes generated. Many methods of classif ying radioactive wastes are in use , based on

parameters such as the kind of radioactivity present, the amount of radioactivity present , the

unt reate d phys i cal form , and the treated physical form. For this report , w hi ch a n a l yzes the
effects of waste treatment alternatives , it is convenient to classif y the primary wastes into

categori es based on the ir treatment requ ir ements as shown in Table 3.3. 1.

Wastes in the first four categories listed below are generated to some degree in almost

any facility in which radioactive materials are processed , treated or handled; as i s ev id ent
from the list , the remaining four waste rategories are specific to certain fuel cycles.

Packaged treated wastes are classified by surface radiation levels to define handling,

shipping and interim storage requirements . Low-level wastes (LLW) are defined here as having

surface radiation levels less than 200 mrem/hr and require little or no shielding during handling,

shi pping and interim storage. Intermediate-level wastes (ILW) are defined here as having

surface radiation levels greater than 200 mrem/hr and always require shielding during handling,

shi pping and interim storage. The nomenclature , high-level waste (HLW), is reserved for one

specific waste , the fi ss i on produ ct stream from the fir st extract i on cycle i n a reorocess inq

plant. HLW is self-heating and requires shielding plus provisions for cooling during interim

storage. Spent fuel assemblies have the same interim storage requirements as HLW.

Final disposal requirement s dicta te that there be one further classification of nackaged

treated wastes. Non-transuranic wastes can be disoosed of in surface burial qroundu~ trans-

ura nic (TRU) wastes are assumed to require disposal in geologic repositories. A proposed rule-

ma king would consign to licensed burial g rounds wastes wh i ch are con tam in ated w i th no more than
10 nCi nf TRU/g. Thus wastes with greater than 10 nCi of TRU/g become TRU wastes . In practice ,

because this concentration is difficult to detect , all wastes from locations that might cause

contamination levels above 10 nCi TRUIg of waste are often treated as TRU-suspect and combina~d

.• •.i~~.,q ~~~~~~~~~~~~~
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TABLE 3.3 .1. Categorization of Wastes According to Treatment Requirements

Applicable
Alternat ive

:

1 

Wa s te Category • Fuel çyc le reatment~~~~~~ irements 
____

Gaseous All Reduce activity to approved levels
by removing particulate and volatile
rad i oisoto pes .

Compactable trash and All Reduce volume . Reduce combustion
combust ible wastes hazard . Package in approved con-

tainer for shipment and disposal .

Concentrated l i quids , All Conve rt to approved solid form .
wet was tes , and par- Package in approved container for
ticulate solids shipment and disposal.

Failed equipment and All Reduce activity level by decontami-
noncom pactable , non- natio n. Reduce volume by dismantle-
combustible wastes ment , cutting, etc . Pac kage in

a pproved con ta ine r for sh ipment and
disposal.

Spent fuel assembHes Once- Packaye in approved con tainer for
throug h interim storage and disposal .

High-level l i quid Uranium Convert to approved solid form .
waste recycle and Package in approved container for

uran ium- shipment and disposal .
pluton i um
recycle

Fuel residue (hulls Uranium Reduce volume , i f practical . Reduce
and assembly hard- recycle and activity level , i f pract ical . Pac kage
wa re) uranium- in approved container for shipment

pluto ni um and d i sposal .
recycle

Pluton ium oxide Uranium Package in approved container for
recycle i n ter im storage and potential disposal .

with the known TRU wastes . That is the operational philoso phy assumed for this report. Thus

all wastes from nuclear power plants and independent spent fuel storage basins are non-TRU wastes.

All was tes from mixed oxide fuel fabrication plants are assumed to be TRU wastes. The class-

ification of fuel reprocess ing plant wastes as TRU or non—TRU is dependent on the source of the

primary wastes within the plant.

Fo r the sa ke of comp lete ness , both the non-TRU and TRU wastes from the postfission LWR fuel

cycle are described in this section , even though non-TRU waste management , except for post-

fission gaseous wastes , is outside the scope of this report . On ly TRU and post-fission gaseous

waste treatment , storage , transportation , an d disposal is described in the remainder of this

report.

As a basis for character iz ing the primary wastes discussed in this report , a ref erence

spent fuel was defined for each of three fuel cycle modes : the once—throug h , the uranium—only

recycle, and the uranium and plutonium recycle fuel cycle modes. These reference fuels com-

pr ise the mixture of scent fuels projected to be discharged from pressurized water reactors

(PWRs ) and (BWRs ) in the year 2000, as shown in Table 3.3.2.
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TABLE 3.3.2. Reference Fuel Components for Three Fuel Cycle Modes

Contribution of Specific Reactor
Discharge to Tota l Reference Fuel, % Initial Enrichm~nt ,

(a) Uran ium—Only Uranium-Plutonium Weigh t Percent
Reactor Discharge Once-Through Recycle Recycle Fissile

PWR 1st discha rge ,
15 ,000 MWd/MTHM 2.9 2.9 2.9 2.0

PWR 2nd d ischarge ,
25 ,000 MWd/MTHM 3.0 3.0 3.0 2.6

PWR 3rd discharge ,
33,000 MWd/MTHM 3.4 3.4 3.4 3.1

PWR equ i l i br i um d i scharge ,
33,000 MWd/MTHM 52.8 44.9 35.9 3.2

• PWR recycle U discharge ,
33,000 MWd/MTHM 7.9 5.3 3.6 to 4.7

PWR recycle Pu d i scharge ,
33,000 MWd /MTHM 11 .5 3.5 to 4 .8

BWR 1st discharge,
10 ,000 MWd/MTHM 1.8 1.8 1.8 1.7

BWR 2nd discha rge ,
17 ,000 MWd/MTHM 1.9 1.9 1.9 1.9

BWR 3rd discharge ,
20,000 MWd/MTHM 2.1 2.1 2.1 1.9

BWR 4th d i sc harge ,
2 1,000 MWd/MTHM 2.3 2.3 2.3 1.9

BWR equilibrium discharge ,
27 ,000 MWd/MTHM 29.9 25.9 20.6 2.6

BWR recycle U discharge ,
27,000 MWd/MTHM 3.9 2.8 2.9 to 3.8

BWR recycle Pu discharge ,
27 ,000 MWd /MTHM 6.5 2 .8 to 4 .0

a. Residence time for PWR 1st, 2nd , 3rd , equ i lb ni um and recycle di scharges
= 1 , 2, 3, 3 and 3 years respectively. Residence time for BWR 1st , 2nd ,
3rd , 4th equ i l i br i um and recycle d i schar ges = 1 , 2, 3, 4 an d 4 years ,
respectively. Average expos re for all three fuel cycle mod~s = 29 ,300 MWd/MTHM.

Table 3.3.3 summarizes the estimated nonvolatile activity distribution in primary TRU wastes
from the reference fuel reprocessing plant (FRP) and mixed oxide fuel fabrication plant. The

values presented in Table 3.3.3 are based on the detailed characterizations of the reference

primary wastes . Except for 3H , nearl y all of the volatile fission products are contained in the

dissolver off gas (100% of the 14 C and 85Kr and 99 of the 129 1). Most of the 3H (72%) is con-
tained in the effluent from the FRP excess wa ter vaporize r with the remainder distributed 5%

to the DOG, 15% to spent fuel hulls , and 8: to the HL IW .

The pr imary wastes , as defined for this report, are described in two sets of tables given

at the end of th is section. The first set of tables (Tables 3.3.4-3.3.18) are the reference

radionuc l ide inventory tables. They show the full spectrum of radioisotopes , including activa-

t ion products , fission products , and ac tinides in each fuel cycle , as a function of time . The
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TABL E 3 .3 .3 .  Nonvolatile Act iv i ty  Distribution in Fuel Reprocess i ng Plan t
and Mixed Oxide Fuel Fabrication Plant Primary Wastes

Percent of Plant Input Ac t i v i t y
_ _ _

A

~

p

~~~~~~

Jn Pri

~~~

y

~~

astes  
--

Nonvolatile
Fi ssion Products Ac ti n id es

Zr-Nb Ru Others U Pu Others

Fuel Reprocessing Plant
To cladding 0.05 0.05 0.05 0.05 0.05 0.05

To hi gh-level waste >99.84 >99.84 >99.94 0.5 0.5 >99.94

To other solid and liquid wastes 0.1 0.1 0.001 0.1 0.1 0.001

To Pu02 co nvers ion was tes neg .~~~ neg. neg. neg. 0.27 neg.

To U~6 plant wastes neg. neg. neg. 0.29 neg. neg .

Mixed Oxide Fuel_ Fabricat ion P l a n t
To sol id and liquid wastes 0 0 0 0.12 0.12 ~~~~~

Tota l 100 100 100 1.06 1.04 100

a. negl igible

radion uclide inventories are given either per MTHM or per GWe-yr. The values are a weighted

ave rage for the year 2000, assum i ng t he i ns ta l l e d  nuc lea r  power p l an t s  i n each of the fuel
cycles exist in an electrical genera ting capacity ratio of 2 PWRs :l BWR. The average fuel

expo Jre in the year 2000 is estimated to be 29,300 MWd/MTHM. This v3lue was determined by

assum ing an installed nuclear power capacity of’ 400 GWe and by projecting the mixture of nuclear

power p lant cores that would be discharged in the year 2000; this determination takes into

account that some nuclear power plants would be discharging various startup cores whereas others

have reached equilibrium operation , as shown in Table 3.3.2.

The reference fuels described in Table 3.3.2 are the fundamenta l source of activity in almost

all components of the postfission LWR fuel cycle as defined for this report. The radionuclide

compos i tion of the reference fuels was developed from a series of ORIGEN code~~ runs weighted

in the proportions shown in Table 3.3.2. The activity in any portion of the fuel cycle is propor-

tiona l to the equiva l ent throughput of fuel in that component of the fuel cycle; e.g., the fis-

sion product activity passing through a 2000—MT/yr reprocessing plant processing uranium-on l y

recycle fue1 1.5 years out-of-reactor is 2000 x 1.4 x 106 (from Table 3.3.8) = 2.8 x 10~ Ci/yr.

If the fuel were 10 years out-of-reactor when processed , the f i ss ion p roduct a c t i v i ty pass in g
throug h the pla n t would be 2000 x 2.7 x 10~ (again from Table 3.3.8) = 5.4 x 108 Ci/yr. In

the yea r 3000 , the solidified high-level waste from this one year ’s operat ion of the reprocess-

ing plant would contain 2000 x 19 (again from Table 3.3.8) = 38,000 Ci of fission product

a t i vi  ty.
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The activity given in Table 3.3.4 for reactor and spent fuel storage basin wastes is given

in terms of Ci/GWe-yr or Ci/yr , rat her than Ci/ MTHM. This is because the activity which
is found in reactor and spent f uel storag e bas in  wast es is not directly proportiona l to the

throughput of spent fuel . Instead , reactor and spent fuel storage basin waste act iv i ty  is a mix-
ture comprising activated corrosion products from reactor core components and fission product

*i sotopes that are released at differing rates from tramp uranium and leaking fuel rods. The

activities given for the fuel basin wastes in Tabl e 3.3.4 are specific estimates for the opera-

ting schedule defi ned for the reference independent spent fuel storage basin and fuel reprocess-

ing plant.

The second set of tables at the end of this section (Tables 3.3.19 - 3.3.40) are the waste

characte rization tables , wh ich arrange the wastes from the four reference primary fuel cycle

facilities into the categories given in Table 3.3.1. The information given for each pr imary

waste stream includes:

• composit ion ( w t - )

• density

• generation rate (vol/MTHM or GWe-yr , as appl icable)

• radioactivity factors .

The radioactivity in a waste stream i s obta i ned by app lying the rad ioactivity factor give n

for each individual waste stream to the pertinent reference radionuclide inventory . For instance ,

for a 2000-MTJyr reprocessing plant processing uranium -recycle-only spent fuel 1.5 years

out-of-reactor , the plutonium-238 activity in the low-level , combus ti ble trash f rom a yea r ’ s
opera ti on wou l d be 2000 x 1 x l0~~ (from Table 3.3.34) x 3.14 x l0~ (from Table 3.3.11)
= 6.3 x l0~~ Ci. Similarly, the activity for any isotope in any waste stream can be found by

proper combination of the information in the reference radionuclide and waste characterization

tables.

The values given for the properties in Tables 3.3.19 - 3.3.40 are best estimates . Sources

for the estimates are given in the following text when available; in instances where no refer-

ences were ava i l ab l e , estimates were developed in this study .

3.3.1 Nuclear Power Plant Primary Wastes

The primary wastes from the reference nuclear power plant (Tables 3.3.19 - 3.3.22)

represent a composite of the wastes that would result in the year 2000 from operation of LWR5

for electric power production at a ratio of 2 PWRs:l BWR. There are generic differences in the

was tes generated from BWRs and PWRs ; there are also substantial differences within the same

reactor type , d epen d i n g  upon the size and age of the reactor , operating philosophy , ma intenance

history , etc J2
~ The concern in this discussion is not , however , the var ious combi nati ons of

sources and flows , but rather that a description be available for every important waste form

* Tramp uranium is minute uranium particles still adhering to the fuel c1~ dding surfaces after
fuel fabrication .

- •...~~r .. .
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requiring treatment and disposal from both PWRs and BWR s . Therefore, the wastes include
those typ ical of both PWR 5 and BWRs on a 2 PWR: l BWR weighted average.

Wastes are produced at PW R5 and BWR 5 by a number of routine operations: 1) water cleanup

operations on reactor coolants , spent fuel bas i n coolan ts , turbine condensate , and collected
l iquid wastes; 2) air cleaning operations on ventilation air and all off—gases; and 3) plant
mai n tenance and general support opera tions .

Sources of rad i oact i vi ty  i n the wastes i ncl ude: ’
~~’~~

• neutron activation of structural metals and their corrosion products

• i rradiation of tramp uranium on the external surfaces of fuel elements

• neutron activation of coolant components , includin g coolant additives

• control rods

• fission products from i rradiated fuel (only in the event of cladding fai lure) .

The isotopic distribution of radioactivity from nonvola tile fission and neutron activation

products in nuclear power plant wastes is, for practical purposes , the same for all the fuel
cycle modes described in Section 3.1. Therefore , the estimated radioactivity given for these

wastes applies to all three fuel cycle modes .

The volatile fission products (krypton , xenon and iod ine) released by cladding failure ,

as wel l as particulate solids bearing radioactivity, are treated by the gaseous radioactive

waste system at the nuclear power plants . These systems are treated in detail in nuclear power

plant licensing proceedángs and are not considered in this report; system components that

become contaminated and must be disposed of, such as fi lters , are described , however .

Mos t of the semivolatile fission product tritium rel eased through cladding failure is

expected to l eave the reactor via aqueous streams~~ in vapor or liquid form; a significant

fraction , howeve r, is also expected to be borne on wet wastes as tritiated water associated
with resins , slu rries and sludges. The soluble , nonvolatile const i tuents of i rradia ted fuel
that escape through cladding failures remain largely in the primary coolant , where the i r
concentrations are controlled by the coolant water cleanup systems . Lesser amounts of these

irradiated fuel constituents and activated corrosion products are also scavenged out of the

condensa te system by filtration and demineralization.

3.3.1.1 Compactable and Combustible Wastes from the Nuclear Power Plant

Compactable and combus tible wastes from the reference nuclear power plant (Table 3.3.19)

include hi gh-efficiency particulate air (HEPA) filters , wh ich become waste when they are replaced

because of loss of filter efficiency or because of high activity levels. The radioactivity asso-

ciated w ith these filters is mainly from air entrainment of dried material from coolant leaks.

The pa rticulate emission rate through the filters was estimated from calculations for PWRs~~
and BWRs .~

6
~ Us ing this emission rate, and assuming a decontamination factor of 1000, the

activity on the HEPA filters was calculated. The volume of a-IEPA filter waste was estimated
from operating experience of the H. B. Robinson Plant. (7)
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The volume of combustible trash was estimated from a previous description of nuclear
powe r p la n t  t rash (8) and assumes that 80% of that total was combustible. The radioactivity
of combustible trash derives from cleanup of cooling system leaks , servicing of coolant—
carryi ng p l umb i ng , and anal ytical operations. The isotopic distribution of radio’activity is

based on prev iously published distributions of radioactivity in reactor solid wastes.~~~ The
total radioactivity is assumed to be 80% of the total previously cited for nuclear power plant

tras h . (8)

3.3.1 .2 Concen trated Li quids , Wet Wastes, and Particulate Solids from the Nuclear

Power Pla nt

Concen trated liqu ids , wet wastes , and particulate solids (Table 3.3.17) result from the
various water cleanup operations conducted at nuclear power plants . These operations include

• ion exchange , filtration , and volume reduction by evaporation. The volume and total radio-
activity estimated for these wastes are based on a recent survey .~~~

The resins used in deminera lizers to remove ionic impurities from coolants are replaced

per iooically when their effectiveness declines . The service life of powdered resins is less

than that of bead resins , wh ich are used in deep beds and may be regenerated several times

before they are replaced . Spent resins contain radioactive ions of fission product elements

and activated corrosion products that have replaced ions of the resin matrix .~
’
~~

Sludges are the thick mixtures (%40 wt% solids ) of water and solid cake released from the

blow back of filters used to remove suspended solids from reactor coolants . The cake may

include cellulosic fibers or a powdered resin precoat, as wel l as solids collected from the

coolant .

Filter cartridges are used to remove suspended solids from LWR coolants. Typical construc-

tion materials used in these filters include stainless steel frames and filter media of cloth ,
plastic or stainless steel fibers.

Liquid wastes from the nuclear power plant are usually decontaminated by evaporation ,02~
which produces purified water that can be ultimately released to the environment and contami-

nated concentrates or slurries that must be solidified for shipment offsite . The ma i n component
of sl urries from a BWR is Na 2SO4 from resin regeneration ; the main component of slurries from

a PWR i s Na 2B4O7, which is added to the reactor coolant as part of the reactivity control system.

3.3.1.3 Failed Equipment and Noncompactable , Noncombustible Waste from the Nuclear

Power Plan t

The vol ume and total activity of noncompactable , noncombust ible components of nuclear

power plan t waste (Table 3.3.18) are based on a previous characterization of trash .(8) Twenty
percent of the total trash is assumed to be noncombustible. Failed plant equipment may include

coolant reheaters , steam generators , turb ines , piping , pumps , valves , seals , control rods ,

power-shap ing rods , burnable poison rods , th imble plugs , flow chanmels , and in-core instrument
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assem blies . The volume and total radioactivity of failed equipment is based on a recent esti-

The amount of tritium in the failed equipment is based on estimates of the formation

of tritium by neutron activation of boron-containing components~~ in a ratio of 2 PWR:l BWR .

3.3.1.4 ~pent Fuel

For the case in which LWR fuel is used on a once-through basis without recycle , the spent

fuel (Table 3.3 .22) is classed as a waste to be stored in surface facilities and ultimate l y

placed in geolog ic repositories. Characteri zation of the spent fuel for this fuel cycle mode

is based on descriptions by Kee , et al .(l4) The reference PWR and BWR fuel assemblies are

dep icted in Figure 3.3.1.
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3.3.2 Independent Spent Fuel Storage Basin Primary Was tes

Data avai lable for storage pools at the Nuclear Fuels Services fuel reprocessing plant ;0~~
General Electri c ’ s st orage faci l i ty at Morri s, il lin oi s ;~~6n I7) the Allied General Nuclear Ser-

vices fuel reprocessing p l an t ;~
18) and a proposed Exxon reprocessing facility 0~~ were used to

characteri ze the waste streams (Tables 3.3.23 - 3.3.26 ) for the independent spent fuel storage

basin (ISFSB). Waste streams at spent fuel storage basins derive from operations associated

with the storage basin water treatment system , fuel cask ur -loading and loading operations , the
bui l di ng ven ti lat i on system , plant maintenance, the analytical laboratory, and general suppo rt
opera tions. To estimate waste streams , the independent spent fuel storage basin was assumed to

receive 5C0 MTHt1/yr of spent fuel 0.5 years out of the reactor and to ship 500 MTHF•t/yr of spent

fuel cooled 6.5 yr. A constant storage pool inventory of 3000 IITHM of spent fuel with a mean

age of 3.5 yr was assumed .

3.3.2.1 Gaseous Waste from the Independent Spent Fuel Storage Basin

The three gaseous waste streams in the ISFSB are the heating, vent i la tion , and air con-

d itioning (HVAC ) stream; vaporized excess water; and process off-gas (Table 3.3.23). The HVAC

stream basically comprises the ventilation a i r  from the facility and has by far the largest

volume . The onl y activity in this stream is a slight amount of tritium from leaking fuel ele-

men ts. Excess water wi l l  be vaporized and dispersed to the atmosphere via the ISFSB stack.

Process off-gas comprises the gaseous wastes from the cask handling area and from special vents
used to collect the volatile gases from leaking fuel elements. These latter wastes are isolated

so that special treatment can be applied to remove iodine .

3.3.2.2 Compactable and Combustible Wastes from the Independent Spent Fuel Stor~~~
Basin

The vol ume and radioactivity of the ISFSB combust ible trash and ventilation filters

(Table 3.3.24) were estimated from information in References 19 and 20, respectivel y.

3.3.2.3 Concentrated Liquids , Wet Wastes , and Particulate Solids from the Independent

Spent Fuel Stora~e Bas i n

Clea nup or treatment of the basin water is responsible for most of the ISFSB wastes in

the concentrated l i quids , wet was tes , and particulate solids category (Table 3.3.25). The

other source of waste in this category is the miscellaneous solution concentrates derived from

shipp ing cask wastes , laboratory wastes and facility decontamination solutions.

3 .3. 2.4 Fa i led  Equipment and Noncornpactable, Noncombustib le Waste from the

Independent Spent Fuel Storage Basin

The volumes of ISFSB failed equipment and noncorrrpactable , noncornbustib le waste (Table 3.3.26)

~i’~e li nearl y scaled estimates from an Exxon pre limininar j safety analysis report.~~~ No data

on the radioact ivity associated with these wastes are available, so the values g iven are best

est imates.

- ..~- eflt.-. w
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3. 3.3 Fuel Reprocessing Plant Primary Wastes

The reference fuel reprocessing plant (FRP) is a complex of four integrated fac i l i t ies .*
The waste streams (Tables 3.3.27 - 3.3.36 ) emanating from the FRP have the greatest var ie ty  of
any wastes fr om the post f iss ion LWR fuel cycle. The four integrated fac i l i t ies include:
1) the spent fuel storage basin , 2) the fuel dissolution and solvent extraction facility,

i.e. the main plant , 3) the plutonium conversion facility , and 4) the UF6 conversion facility .

Was tes generated in the spent fuel storage basin and parts of the UF6 facility can be isolated

and managed as nontransuranic wastes ; the remainder of the FRP wastes are classified here as

transuranic wastes.

3.3 .3 .1  Gaseous Wastes from the Fue l Reprocessing Plant

Six separate ga seous waste streams (Table 3.3. 27) have been identified according to source
for the FRP. st imates of their characterist ics were derived from pertinent l iterature as
fo l lows :

• fuel shear and disso lver off-gas - see Reference 22

• ve ssel of f-gas - see Reference 22

• main plant HVAC - see Reference 23
• vaporized excess water - see Reference 8

• UF6 p lant process off-gas - see Reference 24

• storage basin HV AC - see Reference 8.

3.3.3.2 Fuel Residue

Fuel residue , comprising hulls and assembly hardware (Table 3 .3.28),  is unique to the
FRP . The hardware is removed from the assemblies and separated prior to shearing the fuel .
The radioactivity in this hardware is exclusively from neutron activation of its constituent

metals; the radioactivity in the hulls includes activation products , as well as fission products

and actinides from residual undissolved fuel .(25 n 26 n 27)

3.3.3.3 High-level Li quid Waste

The high-level l iquid waste from the FRP (Table 3. 3. 29) comprises the concentrated
raff inate from the f irst cycle extractor , comb ined with the dissolver sludge. This one stream
contains over 99 of the fi ssion products, as we ll as over 99% of the actinides (with the
exception of uranium and plutonium) contained in the orig inal fuel . One-half percent of the

uranium and pl utonium contained in the ori ginal fuel appear in the HLLW as waste losses.

3.3.3.4 Plutonium as Waste

Purified plut onium (28) becomes a waste (Table 3.3.30) in the uranium-onl y recycle option.

The n itrate solution is used if the plutonium is to be solidified wi th HLLW ; the oxide is used

if the plutonium is to be stored as canisters of PuO2.

* Ac tual l y five facilities could be defined , since waste management requires sufficient p l a n t
space and equ i pment to be considered a separate facility . In the context of this report ,
however , wastes generated from waste management activities are not primary wastes but
secondary wastes. Secondary wastes are discussed in Section 3.5.
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3.3.3.5 Concentrated Liquids , Wet Wastes , and Particulate Solids from the Fuel
Reprocessing Plant

Fuel reprocessing plant wastes in the concentrated liquids , wet wastes , and particulate
solids category (Tables 3.3.31 and 3.3.32) occur as both TRU and non-TRU wastes . The wastes
from the main plant and the fuel storage basin (Table 3.3 .31 ) are generally of a significantly
hiyher activity level than the low-level wastes from the UF

6 plant (Table 3.3.32).

The intermedia te-level li qu id waste (ILLW) stream (the major component of the wastes

described in Table 3.3.31) consists of the concentrate produced in the general purpose con-

•:entrator and as such is made up of a catch — all mixture of aqueous wastes generated throughout
the FRP. The ILL~ is concentrated as an acidic solution; the ILLW shown in the table has been
ne.~tr ali zed as required for some solidification proces sing. The major components of the I L L W
are solvent cleanup wash solutions and solvent extraction battery raffinates , exc lud i ng t he
raff inate ~~‘ ~ i the first solvent extraction contactor. Silica gel from the uranium purification
pr cc e s~~

23) is also included in the TRU class of wastes .

The non-TRU wastes in th is categor~ come from the FRP fuel storage basin. Their character-
istics a’-e very similar to t~~Ie related wastes produced at the independent spent fuel storage

~as in . Toe bead resins are ion exchange resins used in the purification of storage basin

wate’- . T i e filter precoat slu~ce is the sludge removed from the basin water filters. The
sulfate concentrate is •lerived from the resin regenerative solutions. The misce 1laneo u~
sol ,t i ~ n stream consists ~f decontamination washings and general laboratory wastes from the

spent ~~el storage basin.

The wastes ori ginating in the iF6 facilit y (fable 3.3.32) contain low levels o~ a c f i s i t i . (24 )

As stated above , these wastes can be divided into TRU and non-TRU fractions. T he two s t rea m s

ma king 
~
p ti e TRU wastos are bed residues and fines generated during operation of the fluid

bed ‘luorin ator. The non—TRU wastes result from off-gas cleanup. The K2UD4 mud is the insol-

uble residues rema ining after KOH and are decanted from the cold trap off-gas cleanup

sol t~ on. The decanted KOH-KF solution is combined with similar solutions from the hydro-

f~uorinator off-gas scrubber and from the nydroqen vent scrubber in the fluorine p lant. This

composite solution is treated with lime to prec i p itate Tar
2 

and recover KOH for recycle to the
scrubbers. The resulting CaF2 is filtered and dried to become UF6 plant waste dryer discharge ,

the UF6 waste stream with the largest volume.

3.3.3.6 Compact able and Combustible Wastes from the Fuel Re process i ng P l a n t

The FRP compactable and combustible wa. .~s have been divided into two groups according

to their gamma radiation levels. One group (Table 3.3.33) must be processed in a shielded

facility desi gned for intermediate-level wastes; the other group (Table 3.3.34) can be processed

in an unshielded faci li t 1 for l ow—leve l wastes (LL~ ) only.

The v o l u I~~: and radioactivities estimated b r  the waste streams are based on information

contained in References 23, 29, and 30. The wastes are classified as TRU or non—TRU based on

- t ._(__._ . ...
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source facil ity . The wastes from the fuel storage basi n and UF 6 plant are non-TRU; the wastes

from the main plant and Pu02 conversio n facility are TRU. All of the facilities generate com-

bus tible trash and ventilation fi~ ter wastes. The main plant also qenerates two unique waste

strea ms included in  the category o~ combus tible wastes: 1) ion exchange bead resins and

2) degraded extractant.

The main plant ion exchange resins may be F rom the iodine removal process for the excess

water or f rom solvent cleanu~ .,r ile these ion exchange techniques are still under developmen t ,

it is expected that one or both would be features of reprocessing plants ; ion exchange resins ,

there ore , must be considered as const ituents of the FRP wastes. The amount of FRP degraded

extractant waste , however , may decrease to almost zero . Degraded extractant is that extract-
ant which can no longer be used in the uranium-plutonium recovery process. Because of improved

in i t ia l quality and cleanup tech n iques , the estimated annual volume of this waste (Table 3.3.33)

is probabl y hi gh.

TV e waste s t re a m for urr;hielded processing ~s made up of a si n g le stream of low-gamma , con’-

bust~ ble trash orig inating in the ma in p lant.

3.3.3.7 Failed Equi pment and Noncompactable , Noncombustible Waste from the Fuel

Rep rocess ing Pla nt

All of the FRP fail eci equipment and noncompactable , noncombustible waste from the main

plant , the UF6 p lant , and tre Pu02 conversion facility (Tabl e 3.3.35) is assumed to be TRU

waste . The wastes in this category from the spent fuel storage basin (Table 3.3.36) are

assumed to be non-TRU.

3.3.1 Mix ej _Oxide Fu el Fabrica ti on Plan t Prima ry Wastes

The principal activities in the mixed oxide fuel fabrication plant (MOX FFP) wastes

(Tables 3.3.37 - 3.3.40) come from the plutonium that has been separated f ro m spent fuel at the

FR P and shipoed to the fabrication plant. One year is absumed to elapse between reprocessing

and reF?bric ation of the fuel at the MDX FFP.

The feed material to the MDX FFP comprises dry oxides of natural uranium and plutonium.

In the fabrication process line, these oxides are mixed , pelletized , and loaded into Zircaloy
tub os to produce mixed oxide fuel elements , the final product of the plant. In the course of

production , the four standard categories of wastes are generated . Each category is discussed
separa tel y below .

3.3.4.1 Gaseous Waste from the Mi xed Oxide Fuel Fabrication Plant

The ~‘0X FFP gaseous waste includes the plant air filtration stream and vaporized excess

water. Mos t cf  the plant operations are conducted in isolated modules ; the exhaust air f~ori

ea ch module Is fi ltered at least two times before being combined with building vent i lat ion air
to form the in fluent to the final air filtration system. The vaporized excess water bypasses

the final air filtration system and is released directly to the stack.
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3.3.4.2 Compactab le and Combustible Wastes fro~ the Mixed Oxide Fuel Fa:”ication

P ant

MDX FFP compactable and combusti ble wastes (Table 3.3.38) from the glove box enclosures

i nclude pac ka~ ing , bagg ing plastic, glove box g loves , and clean i ng ma teri als . Combus tibles

fro~i the operating areas of the plant comprise much the same ma terials as f und jr the glove

boxes but will also include surg i cal  gloves , plastic sheeting, disposable protective clothing,

and paper products. HEPA filters from the air Filtration systems also fall into this waste cate-

gory Est~ma tes of the actinide loading on the HEPA filters var , considerably .~~
1 ’~~ ’33’ The

ialue g iven in Table 3.3.38 is a best judgment estimate .

3.3.4.3 Concentrated Liquids , Wet Wastes , and Pa rt i cu l a t e  Solids from the ~ixed Oxide

Fuel Fabr i cati on Plan t

The volu m e of MDX FFP concentra ted liquids and wet wastes (Table 3.3.39) is not large , as

would be expected from an essentially dry process. Some process solution wastes are venerated ,

ho~eve r, mainly during fuel pellet washing, clafd ing etch ing, and decon t~n~~ ation . (34 j

Scrap recovery genera tes the most NIOX FFP aqueous waste. Approximately 2 wt.~ of the
input U0 -PuO oowder becomes so contaminated wi th impurities during the various st us of fuel
fabrication that it canno~ be recycled directly. In the reference plant this dirty scrap

is recovered using an aqu~ us recovery process. The princi pal waste stream from this process
is the waste treatme nt eve rator bottoms .(36)

3.3. 4. 4 Fa iled ~q_uj~ ‘nt and Nonc~~pactable , Noncombustible Waste from the Mixed Oxide
Fuel Fabricat ion Plant

The MDX FFP failed equipment and noncompactable , noncombustible wastes (Table 3.3.40)
from the qlove box enclosures are a mixture of scrap fuel cladding made of zirconium al loys ,
discarded equipment composed of austeritic steels and aluminum alloys , replaced enclosure ware

(such as ventilation ducts and fittin~s of painted or galvanized steel and of alum inum), and

re t a l  packag ing material and transfer containers (primarily ~~r aluninum ).

Noncombu stible wastes from the restricted operating area outside the glove box enclosures

are TRU-suspect and handled as TRU wastes. Examples include outer packag ing cases , discarded

tools and equipment , glass in the f orm of discarded laboratory ware , and emp ty reagen t bo ttles
and used heat _ in ui lating material of fiber glass or mineral ~~~~~~~ 
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REFERENCE RADIONUCLIDE INVENTORY TABLES
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T A BLE _3.3.19. Cornpactab le and Combustible Wastes from the Nuclear Power Plant

C - I I Pd~~1~~fl ’C (11dP C~ nte r t
,()CCCC~ C (’rI Y C I)’C f l ’_ l t / ,0131rIe , ‘-‘-—— - , ‘I

,,~~U r - ~~’ W~ ~~~~~ t~~!~~W e - v r A c t i v a t i o r  Prodj c t ~ 
I C) ) C ) ~~~~~~~ 

C r~~~jC t~ 
I~~ I

- ‘~~~~:. C ’ J ters G1C)ss ~~~- 1.6 ~ io
2 

~ 5 x ~~~~~~ S x
. CCfl~)d 60

~ o~~ ’~~~b1e C-a :Cer 23 1 , 2  C 10~ 2 x i~ 2 7 C 10~~ 7 x 10’~
~ 

‘ ( ‘i~~h ~‘ 1a ~~t - r , 67
, 31~)Cl bCr 6
I ~ O’~

I
~ 3

~ 
C~~t” I

a 1  ‘ l ) C ~ Cl aS fract ion of Ci vaL)CC 1i~ te’ i n  Thb le 3,3,4, To obtain Cilyr for a give n isotopC , muI t~ ”~~:~ 
- .~~ 9 i ) P C C  ftC’ t~ )T iSOt -Ofl C ’ i fl TCt~~e 3 .3 0 h C ~ tbP fracti on listed here ,

i TABLE 3.3.20. Concentrated Li quids , Wet Wastes , and Particulate Sr lids
f r om the Nuclear Power Plant

I ‘ I ‘ RaThonu~~lide ContentI l,1 - t I ’ ) C C ( C r I C I I D e rIs l 1
1 , ~I ( ’ J C U f t e, - ‘- - — ‘ ‘ - - ‘-‘ ..- - ‘‘ —I— ’ ’ - - 

~ 

,
T3-)(’(.e _ _,CC~ ~~~~~~~ _, ‘ ~~ / ()~

II~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ r ~ s~~on P r o O u c t ~

6~~d ‘e- ,ins C C l j S t/ C I C C C I  5~ 7.2 v io 2 2.9 x 10 1 3
H 4 x 10~~ 9,7 C 10

~~ ~ All ot h -r’~ 1.8 C 10

.
~~~3iC IC.I i CCC ~~ )rC I 

~Q1 J ) ’ y C C C ’C C’ 50 6.7 x io ? ~~9 t 10 1 
~~) 3 x 10~~ 2 ~ io

.2

‘
~~I

’ 50 All others 4 ~ 10
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‘ I
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H g x 10’~ 4 x l0’~C I C C  C’ C,, 7’C All others 8 x 10’

‘,C ,CC14 J 7 10 1 ‘~ ‘~ ~ l0~ 4 3H 1 x 10 ’~ I x l0’~, C
~o All others 2 x 10’

I I I~ C C I  )C’ I’ ~~~~ CCC  Tab le 3.3.4 , l’o obtain Ci/yr for a given isoto~ie , mult ip ly
- ‘‘4 . ‘ ‘IC t C l e  1 3. -l by the fraction listed here ,
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TABLE 3.3.21. Failed Equipment and Noncompactab le , Noncombustible Waste
from the Nuclea r Power Plan t

Cor’)ponent s, Density , .
I OlUC ’C , ~~ - _0~ d19 n - .L~~C~~f CorI~~~r t

~~~~~~~~~~~~~~~~~~~~~~~ — -,— - —- —__~~-~ --,-‘— ---‘—-—— 11 ~1 1,~,~L~2,_ ( I 3 I T C C e~~j r ’ i’ctiva tion Products~~ F’ ’’~~(’r, ~
lr O O I C

( ,  d

Noncombust ible Me tal 90 2,5 x io 2 4.0 x 10 1 
2 x 10” 2 ~trash Glass 10

Reactor Scrap / Ferrous alloys 100 5 x io2 6 ~l l 5.6 3 C 10
fai led equip - All others 2.3 x 10 2
sent

a. Given as fraction of Ci values listed in Table 3.3.4. To obta in Cl/yr for a given isotope . m u l t i p l y Ci /yr
given for that isotope in Table 3.3.4 by the fraction listed here,

TABLE 3.3.22. Spent Fuel from the Nuclear Power Plant , Once-T hrough Fuel Cycle

Radio ut uc lide Content
Com ponen ts , Wei ght , (a) Act ivati 9g Fission

Source 
____~_ wt t MTI-IM/GWe’yr Products ’__) Products(C) A~t,~in~ j~ y

PWR Core 79,5 35 1 .0 1 ,0 1 .0
Zi rcaloy 16,5

Hardware 4

BWR Core 75,4 42 1.0 1,0 1 .0

Zirca loy 21,0 
F

Hardware 3.6

Ave rage LWR Core 78 38 1.0 1.0 1 .0
Zi rcaloy 18

Ha rdware 4

a. Owe-yr of energy produced by a 2: 1 ratio of PWR’ s and BWR’s based on average exposure,
b. ‘Iven as fract ion of Ci values listed in Tables 3.3,6 and 3,3,7. Add the two values

to ob tain the total activation products.
c. Given as fraction of Ci values listed in ‘Table 1.3.8,
d. Gi ven as fraction of Ci values listed in Table 3.3.10.

I ‘ .• I’C~~ ,JC,~~ C •C
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TABLE 3.3.23. Gaseous Waste from the Independent Spent Fuel Storage Basin

COCCC pOnentS . I CI C 1 ’ , I ) ,  CCC(C(’Ul ~ ‘ ~C’ CC’ C C - U t
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I , ~ 7 ,

,alIN ’Ci CC
2
0 ~~~ F C lC ’~ 

‘ ‘11CC)’ CCC S C 02 ~3 C’,C, Cl ~~~~~~ ~ C

CCC.I -S ~.(‘C ‘ ~
29 i ~ ‘ J

’7~~~ i

Pa C t r C ) l d t p I  1 C 11
_ C1

S’ ’I ’ C n - )  2 ‘ 10~ ~~ 1C) ’.,CC , , ~ ~ 
13 
: - 

~ ~ :
‘
~ ~~

‘

129 1

~ 
) C ’ ’ C(C  ( ‘C- 7 ‘ ‘‘~ ~ 

C-

S C - C P C C C C C Q  ~ - i C ’)~ 
I 
~ 
C’,CC 

I • 
~ ~

2’: 3 ,
- 
‘ I)’’ ‘ ‘C ’C 3 C

C )C’1CCC( (C
I i 0 5’ ~~ C C I  ~~r ~ ~

I ’

C CC ~~ I C IC ‘CC.  C C iO~~
.- - I , - 11( ~I)O .22 5~ CCI C ) C C(C C ~ C 10 ’ 

~ 
CC ’)C ~ , 12 ,

C C ~,, 
_ 1
~ 

~ ~
l’t , ,~ F’ C

~~~~ 
~ ,

I- II II
~lI I I

~ I C C  O C  
~ C 1~ 

.CC CC~~,CC, ( 
3,. 3 C
14 

~ C

C ‘ C 1 ~ 10’
1?9 i y C

a ~ C1 I ) (C fl CS C ,’C~~~ j0fl (Cr )ear nf  Ci )d T1 JP ’ ‘- - ‘Cd C’) )tI lP 3 .3.8 or 3~ 3,9 , ‘,e 3 ,5 CC-Ct Cal;)? ’ -
S — - :.

‘- ‘IC~~Cd On oper atCnq ~ode in  C C I F C C  C(I C I 1 ’( Cf storaqe C,CC r I C I ( - , CS I,)’I C D P ( I II ICC ) aCd

C C  , , C ,‘CI I- C Ca ’CCL )~CPO~
’ dl 100 c.

a - C C f ’  )S C~~~( t C CCC Of (‘1 ~ I S ‘ICC) ~ C 
‘aOl  ~ ~ , 3 v o ’ 3 , 3 - ‘C I~~(’ 5 , 5 CC- ) C CC) I ICeS for C C - I C  1 C jnq

and (‘I 5 Fear values 1iC s F il pp C n g .

e. ~ C C PC C dS ‘rd tion CII LC )d ’ ICC t i d ed C II C ‘I)Cr(’ I ’ ICCC ( CI Cnq I CCC~rat 1 CC ’ 4t’ l e 3 3 ,4. 3nr~-.- to
ICC ‘ C CCC t C I I CI Cl)OU (15 41 3 C 1 I aS ~ I ~ C I I C I C,r(CIJ C C ‘I

TABLE 3.3.24. Compactabl e and Combustible Wastes from the rndependent
Spent Fuel Storage Basin

- 
F’ad oC)c ’Cd e C CC( ’teC t

- :omp C -CPn ts , fl e f l c l t , A ct i at i 9p ~
1 ’ -C lOT ?

~~~~~~~~~~~~~ 
Ct , ~ k9jyi

? I’-CCC (’C C C(C C l ~ V O~~CC (C CC ’ 1C)d CCCt ) ~~
3 CCC’~~C-C ’) j ; 3

~)C’b )lt”~~e 
‘( ‘ I C C  Ce1~~ut osic 50 1,2 C 10~ Rece~ ainq 6 ~ l 0~ “,C ? 10’s ~ 

, l0’~
pat I’ ~ ‘C C C C C CC ~ C 10 ? ~~C 

~ l0 ’~ 7 C l0’~
POi) ’t)CC ’fl€ 15 SiCi p oi ng t ~ C CII ’ C C’CC4C 7 ~ 10

’s 
~ ,

C C C I C  J O  CO(CpC - 1, i C e ~~~~ 2 1  ~ 10’~ - ‘ C’ .CCC 
~ 7 C i~~

’
~ 7 .

‘Ceo rI re ne 10

,( ‘CC t CIC t iO fl G la ’ 4~ 1 . F C 52 aC UC~~~1CCq 5,5 ~ o’~ ~‘ 
- ot CC ~ ~ ~~~~~ 1 ~ 10’~

C ~ t’.’~~ Co la Cfl ( I C _ C C ) 5,3 C ~I ~_ ‘ Iv (C-M - C r t C 10’~ ~ C 10

~h (ppCCI ’C 5~3 C fl’~ 
I 
C’CCC I C) 10’~ 1 o

C(’III(CI C CC , ’ C )  7 ,6 C O~~ ‘- 
‘C’ ,) C C ,  1 C 10 ~ ~ 1O~~

a ~,‘ Cen C - fra Ct C -  ‘ of ci Ca l CC , TC s ted fo r corr eCp oC d Fnq ope ra tfo n Cr , Table 3,3.4, 
C

b OC”PO I ’t C- ‘l,, C”-i ‘CC operat CC”F Coac fl wh ich Ofl e’ SFCIC of storage invent o ry is
sh ooed OCt dna rep la ced CC-C- year .

C. -“.~~ C,. ,’CI’ ~ 
~ 

~~~~~~~~~~~~~~~~~~~~~~ 
‘ C ,, ,,

~~-,-—. I’-
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TABLE 3.3.25. Concentrated Liquids , Wet Wastes and Particulate Solids
from the Independent Spent Fuel Storage Basin

100tii h I-IC CI ‘i C ’

Component~ , Den~ i t y, 0- ‘ lv at iQi(
1 ~ 

I
~~~I l I l I l .

O u r  
___ ~f,C ,, -__  kj fm~ Ooera t~i~~ ,, Vc ’ 11j e iju F

IIC’O res i ns Po~~-,- ’ C i,~ Cene 50 7,2 x 102 Rece iving 2 C lO ’~ Cn~ ~C ’~~~ 3 ~ l O~~ 3 ‘

IC ~C” 50 st ~~r l ) q 3 C ~o ’
~ 

-- :IM ’ I
~
M. , 3 C lO~~ 3 C 13

S h i l C u i n C ;  ~ a ~~~~~ 
CC 

I 
~~~~~~ ~ 

, l O ’~ 3 ,

composi te lbi 7 3  x i/ ’~ ~~~~~~~~~~I~~ ’ 3 ‘ lO ’~ 3 u

F ilter ;‘rtcoot Cel l u l osic 20 ~~3 x iO 2 Rece ivi ~ q 7 ~ lQ
’
~ ‘C

- Cfd’~ F’CM 3 c - 1 3 ~sl udge 
D I I ) tO T IC (,&Ou ) 20 T t o r C n - i  i C lO ’~ 

- -- ~ ~~~~~~~~~~~ 3 u lO ’~ 3 ~ 1G 1
~~ar~~C Shipp ing 2 x l O~~ 

-
~ M ’ ( ~ 3 C lO~

l 
3 a lO~

l

~d,C :e’
- 6~ LompOsi te~~~ ~~~~ C ~~~~~~ C

’ S’C.CM , .  3 ~ lQ
’
~ 3 C ‘3

~u i f -a t e C~ - ’~~ 25 1 .2 x lO~ Rece i v lC q  5 x lO ’~ 
- C’ M 3 C io

.l 
~ ~concentrate W a t e r  75 ~C 1~ - i nq i C ~~~~~~ ~ “~“C”- , 3 C i O ’~ 3 a

~I i C )p p i n q  3 CC ~o’~ ~ 
‘ y.’C t C  3 CC i~” 3

compos tu 1
~~ 2,3 ~ i~;’~ 9

I I-i. C:’C CC~~ , C 3 C 1O~ 3 ~ iC

lii scel laneous ~ec ont ami 
. 7~ I . 2 x lO~ ~ec e i v 1’o ~ C io ’2 Cl-

U C M T 11CC ~ ~ ~ 3~ 4 ~ lC ~
C ,~ ~ j t iO f l  f ld~~ 1 C ” r C )‘~ e ’C ’.~~ tU r i ng I a 1Q~~ ~ -

1
- MT l~M~ y C 4 ~ l O~ ~ xconcentrat E C and co r I ’C 105 

—3 3 ~1 - 1
l( ” )daC (’ ~hippinq 3 o 10 ICC I~ 1T f , C

~ 4 , 
~3 - 

4 CC 1C

CIC ’er 75 i,00~ 00~~t5
)b 1 3 2  a 1O ’~ 

•I 
~‘MT HM- yr 4 x Fl

’1 -~ C 0

a. . i a er as fraction of Ci values 1 i ted (‘or correspond ing operat lo r l in TaOl e 3.3,4,
b , Com pos it- - based on f I t , C - C C D I C~ CI-’)C~e in wfl ch one .sixtt of 1tora ge )CC v e n ~~orv is

shipped Out and rro lac ed ea~~ r lIar ,

I ~ 
TABLE 3.3.26. Failed Equipment and Noncompactable , Noncombust i ble  Waste

C —~~~~ from the I idepende nt Spent Fuel Storage Basin

Ra dio n ucli j e L i) fl ’ L- il t
Components , Dens i ty, A cti vat i on 1 1 ( 1-)”

-,ll 3 rc e  w,t k~ /C
3 O~e r / t i o n  ~ j~~~~~e t’ r o du c t~ •1 C Pr ~.~ iu c L 1 , I a )

C ),, I l h i b u S ~~~,h i C  Me tal 90 3 x 102 Rece i vi ng S C 10~
2 m 3/MTHM I x i 0 ’~ 6 a

t r a s h  
Glass 100 St c r -

~ l I t  7 C lO ’~ IIl
3

J11~CT ll l,i. C , 6 x l0 ’~ 6 o i

Shi pping 1 C l O ’~ Cl / N C T I J M  5 ~ l 0 ’~ 6 ,. l O ’~
composite~~~ 1,7 C 10.2 ‘-~~/HT~~’~- ,r ~. x l0 ’~ 6 ‘ 1 I I ~~~

Failed equ i pment Ferrous 100 5 y 102 P,ecetv inq 7 x lO ’~ C(I 3 /t~ Tll1l 8 x 10.6 8 x fl~
6

a l  loys S to r i ng  ; x l O ’~ 
,11 3 / y T i l lC .yU 8 x l O ’~ 8 x

Shi pping 7 a lO~~ il
3

h i I l ’ ,IOC g 
~ l O ~

6 8 x i C I

Composite~~ 6.3 o lO ’~ m3/MT HM .yr 8 x lO’~ a

a, OI V C ’ C C as fraction of Ci values listed for corresponding operation iii Table 3,3,4,
to Composite based on operatir lq mode in which one-sixth of storage inventory is shi pped

C)U~i and r~’piaced each year.

, 
~~~~~~~~~~~~~~~~~ ~ ~ 

~“ 
C
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TABLE 3.3.27. Gaseous Waste from the Fuel Reprocessing Plant

Componen ts , Densi ty, Volume , , Radion t~c l ide Content
____,~ 9,V_rIc!__ _

,, I.. — 
IO3/ MTHM ~‘Th’sion Products1a) ~~~~~~~~~~~~~~~

Fuel shear and Air 94,2 1 .22 6.8 x 102 3H S x l0 2 1 x lO’~
dissolver off-’gas co

2 
0.07 14 C

NO 3.2 85 Kr 1 .0
Xe 0,6 129 I 9 ,9 x lO~

l

H20 1 ,9 106Ru 2 x lO ’~
All others 1 x lO’~

Vessel off- gas Air 100 1.22 3 x lO~ 
3H 1 x lO’~ 1 x l O ’~85. .6Kr 1 x 10
129 i 5 X lO ’~

C 
All others I x l0’~

Main building Air 100 1.22 1 ,8 x l 0~ 1 x io l) I a lO’~~
C HVAC

1 4 ( c )  
~ 1Vaporized 

~~ 
1 00 6 x 10’ 2 x 10 H 7,2 x 10’ U 1 x 10’

: excess water 129 k ~ ~ l0’~ Pu I x lO’~~
106 Ru 1 x lO~

l0 All othr r s I x 10
.16

95 Zr 1 x lO ’~~
95 Nb 1 x 10 12

All others 1 x b ’16

UF 6 plant process Air 98.7 1.22 7 x lO~ 
9t Zr 3 x 10

.12 U 1 x l fl ’~
off-gas Co2 0.05 9tNb 3 x b o~

i2 Pu 1 x lO ’ll

N0
~ 

0,0015 106 Ru 4 x 10.12 All others 0

H2 0,003 All others 0

HF 9 x l O ’~
H2S 1 .5 x bO ’~

‘420 1 ,3

Storage basin Air 99 1 ,22 I .3 x io 6 o o
HVAC 

120 1.0 
,~C

a’ Given as fraction of Ci values li sted in Table 3.3.8 or 3,3,9 , -
b. Given as fraction of Ci values listed in Table 3,3, 11 or 3.3 .15, 

I

c. Vol ume of water vapor at lOO ’C , ~ 
I

(~CC) 
j 5

, )_ - .S’-.~~
.

S’C~ 
I C ,-

I I ~~ I ’ 
, ~
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TABLE 3.3.28. Hulls and Assembly Hardware from the Fuel Reprocessing Plant

C 
Radionucl ide Content 

______

Componen ts, DensiZy , Weight, ~~t[~ation ( )  . ‘ (d)So u rce w t~ kg/ma kg /MTfIM Products Fission Products Ac tinid es

Hardwa re Fe 57 1 x l0~ 5.6 x 10 1 1 0 (a )  o

~ Ni 17H Cr 17

~ 
Cu 5

~ 
Other 4

~ meta ls

~ ~ Fuel residue Zr 97,7 1 x bO~ 2 .66 x io2 1 0 (b) 3H 1,5 x jo
.l 

~ x ~o
4

I (hulls) Sn 1.6 
85 Kr 0
129, Other 0.7 I 0

metals All others 5 x l0~~

C a, Given as fraction of Ci values listed in Table 3.3.6.
C b. Given as fraction of Ci values listed in Table 3.3.7.

c. Given as fraction of Ci values listed in Table 3,3.8 or 3 3.9.
- d. Given as fraction of Ci values listed in Table 3 3 . 1 1  or 3.3.15.

IC

I 
TABLE 3.3.29. High-level Liquid Waste from the Fuel Reprocessing Plant

Com ponents , Dens ity , Vnlume , Radionuc li de ContentI Sou rce w t% 
~~~~~~~~~~~~~ 

ii1’~/M’W~L, Fission Produ~~~
’C
~~
”
~
” Actinides(b )

Raffina te from Nitrate 15 1.2 x ~~ 6 x 10 .1 3H 8 x bO ”2 U 5 x
first cycle salts
extractor and H 85 .3dissolver slu dge NO 3 10 Kr 0 Pu 5 x 10

I H2O 75 1 5 x l0’~ Al l  others 1,0
All others 1.0

I a . Given as fraction of Ci values listed in Tables 3.3.8 or 3.3,9.
b. Given as fract ion of Ci values listed in Tables 3.3.11 or 3.3.15, Alternativel y the ac t ini de content may

~ 
be ob ta i ned di rectl y from Tables 3.3.12 , 3,3 .13 or 3.3.14.

H__
~~~~ -
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TABLE 3.3.30. Plutonium Waste from the Fuel Reprocessing Plant,
Uranium-Onl y Recycle

Components , Density, Volume , _______ Radi’onucl ide Content per kg PuO

~~~~~~~~~~~~~ I- -  ~_,__ ~f,t1T_~,_,_1__,_ kg,’m3 m3JMTHM Fission Products (a) Act i n ide~tb’T’

Pu nitra te Pu(N0
3)4 34 1 ,4 x lO~ 3,6 x 10

.2 3H 0 1 .0
solution HNO 3 9 85 Kr 0

11
20 57 129 i o

or All others 1 x

Powder Pu02 ~OO 5 x ~~ 1.9 x ~~~ 
3H 0 1.0
85 Kr 0
l29~
Al l  others 1 x lO ’~

a . Given as fraction of Ci values listed in Table 3,3.8.
b . Given as fraction of Ci values listed in Table 3.3.16,

TABLE 3.3.31. Intermediate-leve l Concentrated Liquids, Wet Wastes, and Particulate
‘ 

—‘ Solids from the Fuel Reprocessing Plant

Components , Density, Vol ume , Rad ionuc li~ e ofltent ,- C

—“I Source wt kqfn 3 rn 3 ’ M T H M  ~~Ts’si’ on PrOduCt S~ à ) ~ ~ A c t i n 1 d e 1~~~i

Main plant lIaNO 18 1.25 x lO~ 1 ,1 o 10’~ 
3H 1 x l0’~ U 1 x 10’s

ILUCI (TRU ) Na P0 8 85 Kr 0 Pu 1 x

Misc . salts 4 :r I x lD Al l others 1 x 10’

1170 70 Nb 1 x l0’~
Ru 1 x l0’~
I 3 x lO ’~

~ ~ 
All othe rs 1 x 1O~~

Ma in plant Sf02 
70 8 x io2 5 x l0’~ Zr I x l0’~ Pu I x lO~~

I ~ silica gel (TRU) H20 30 Sb 1 a l0’~ All others 0

All others 0

Storage basin Resin 50 7.2 x 102 2 x l0~~ 3 x lo~~~~ a
bead resins H 0 50(non.TRU) 2

C
~ 

Storage basin Sludge 40 4.3 x 102 7 x lO’~ 3 x 10
.l ( c )  .

- ‘7 filter precoat 
~ ~ 60U sludge (non’TRIJ ) 2

I. Storage basin Na
2SO4 25 1.21 o lO~ S x lO ’~ 3 x 10

.l ( c )
sulfate concen- 

H 0trate (non’TRU) 2

Storage basin Salts 25 1.2 o l0~ I x l0 2 4 x 10 -l (c)
miscellaneous solu-
tions (non-TRIJ ) ~20 75

a , Given as fraction of Ci values l isted in Table 3 3 8  or 3.3.9.
b , Given as fraction of Ci values listed in Table 3,3,11 or 3,3,15,
C’ Given as fraction of Ci values listed in Table 3 3.4 , Include activation products , To obtain Ci/yr for a given

isotope, multi pl y Cl /yr given for that isotope in Table 3,3,4 by the fraction li sted here,

II)

~~~I ~~~~~~~~~ ~~~~~~~~~~ ~ ‘ - I - — , I” “~~~~
I
~ .‘~,__ =‘ ,fl’ ~~~~CC.CCCCCCC I
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TABLE 3.3.32. Low-level Concentrated Li quids , Wet Wastes , and Particulate
Solids from the Fuel Reprocessing Plant

Components , Dens ity, Vo lume , Radionu clide Conten t,_ ,,
I ‘ ~~2,u,CC,e 

~~~ I ~ ~ ~ ~I’~~ ~,k,g~ii3 
~~LiIT±!4

,, ~, “FTssiOn Products(a7 
~~~~~~~~~~~~

~~~~ ~~C a C C t f x o r i’ Al
203 100 1 ,5 a l0~ 4 x 1O ”

~ 
3H 0 Ii 6 x 10 ’6

riator bed residues 85K r 0 Pu 2 xp ,1  
l?9

i o All others 0

Zr I x io ’8

Nb I a 1O~~
Ru 1 a 10

A l l  o thers 0

~T6 plant ‘ uori- 
~

l 2O3 B O 1 .5 ~ lO~ 3 ~ lO~~ Zr I x lO~~ U 1 ,5 C
na~ cr C- ire; 1T R , 

.1af
2 ~~y Nb I a lD’~ Pu I x Q’~

Uran ium 4 P,) 1 x lO
_ 6 

All (Ctners 0
fluorides 

A l l  o th ers 0

i JF ~ ~~~~~~~ ‘ - KON 3 1 ,2 x lU~ 7 x io 2 o u 1 ,3 ~ lO’~~i - d  ‘ 
C f 4 A l l  o th ers 0

~~~~Fe (0~)2 l b
C,
~ i s c  ~~~~ 1

C - I .  71

, :Cl p la nt Caste
C) 

CaF
7 62 5 a 10 2 5 v l0~~ 0 D

C’ , C-C -jC~~c nar35 I a i C H C
2 15

CaT’~4 8
C ~C’ 12
‘ , 2

J ‘~iSc, S d I t C  1

a ,  C I I C S  it, ‘C a Ui iOn of Ci ~ x i 1 ~a~ l i s ted i n  Tabl e 3.3.8 or 3,3,9,
b, I’~ l C ICIi I aS fract ’-jn of Ci value , listed in Table 3,3, 11 or 3.3. 15 .
C , ‘~-a~ ’~d as no rr a d C oact iv e ICa’,te.

—  

~~
2
~~~~(~~~~~~~~C~I

)
,
CCCA 

Cal
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TABLE 3.3.33. Intermediate—level Compactable and Combustible Wastes
from the Fuel Reprocessing Plant

Con~onents, Density , Volun*, Radlonuc llde Content C

Source ~~ _ wt% _ kg/rn3 m3/Ml’~ l Fissiom Products (al Actlnides (b)

Storage basin Paper/rags 40 1.2 a io2 6 x 10
_i 

7 ~ 10-3(c)

combustible trash 
~~ 20(non’TRU)
Neoprene 11
Polyethylene 14

Latex 11
Wood 4

Main plant coai— Same as above 1.2 x 102 4 x 10~~ 
1 x l0~~ i x lO

_ 6

bustible trash
(TRy )

, 2 —2 . .4(d)Pu02 conversion Same as above 1.2 x 10 3 x 10 0 ~ x 10
coatustible trash
(TRU)

yr 6 plant coetus- Sane as above 1,2 a iü 2 ~ x lO
_2 0 U 5 X l 0’~

Al l othe ru 0

Storage basin Wood 60 1.6 x io2 1 x ~~~~~~ 7 x 10-3(c)

ventila tion fil- Gl 40
ters (non—TRU) ass

Main plant venti— Same as above 1.6 x io2 1 .4 x 10 _i 
1 x l0’~ i ~ l 0~~

la ti on f i l ters
( TRU )

UF6 plant venti— Same as above 1 .6 x io2 ~ ~ ~~~ o U 1 x lO’~
A l l  others 0

Pu02 conversion Metal 60 7 .6 x 102 2 x ~~~ o 2 x 10-3(d)
ventilation fi i- Gl - 40ters (TRU) ass

Ix bead resins Polystyrene SO 7.2 x io 2 5 x ~~~~~~ 
l29~ 2 x ~~~~~~ U 1 x l0~~(TRU ) H20 50 Zr 1 x l0~~ Pu 1 x
Nb 1 x 1O ’

~ All others 1 x l0’~
Ru l x l O ’5

All others 1 x

Degraded extract- TSP 30 (vol) 8 a io2 8 ii l0’~ 
l29 i i x 10C4 Pu 1 x i0’~ant (TRU) Dodecane 70 (vol) Zr , Nb. Ru 1 x l0’~
All others 1 x 10’~° All others 1 x l0

_6

a. Given as fraction of Ci values listed in Table 3.3.8 pr 3.3.9, exclude the volatile isotopes 3H and 85Kr ,
a l so 1291 except as noted .

b . Given as fraction of Cl values listed In Table 3 .3 .11 or 3.3.15.
C. Given as fraction of Ci values listed in Table 3.3.4. Include activation products. To obtain Cl/yr for a given

Isotope , i~aJt lp1 y Cl/yr given for that Isotope ~n Table 3.3.4 by the fraction listed here.
d . Given as fraction of Ci values listed In Table 3.3.17,

— -~~ C].C~ CCC~~5’)~~ C))C C~C - I
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TABLE 3.3.34. Low-level Compactable and Combustible Wastes
from the Fuel Reprocessing P’ant

Components , Density , Volume , Rad ionuclide Content
_,__ rC~

_,_ — ______,

~

i,t,_,,,__,,

~

_

~ 

~ kg /m3 in3/MTHM ‘Tission Products(aT A ct in id e s ’t~~

Main pla nt Paper/rags 40 1.2 x 102 1,2 3H 0 1 ~ l0~~combustible 85
t r a s h  ~T R U )  ~ I 

Kr 0

Neoprene 11 C29
1 0

Pol yethy le ne 14 All -jther s I x lO ’~
La tex 11

Wood 4

a. Given as fraction of Ci values l isted in Table 3.3.8 or 3.3.9.
b, Given as f r a c t i o n  of Ci value s listed in Table 3 .3 .11 or 3.3,15 .

TABLE 3.3.35. Tr~nsuran ic Failed Equi pment and Noncompac table , Noncombust i ble
Trash from the Fuel Reprocessing Plant

Components, Density, Volume , Radionuc lide Content

—‘— 
Source wt% kg/rn3 m3/MTHM Fission Products (a) Actinides (b)

Main plant Ferrous 90 2.5 x 102 4 x 10
_ I 

1 a 10
.6 i x 10 _6

noncombustib le metal
trash Glass 10

UF6 plant noncom- Same as above 2.5 x 10
2 i x i0 2 o u i x

bustib ie trash All others 0

‘ 2 -3
Pu02 Conversion Same as above 2.5 x 10 6 x 10 C 1 a 10
noncombustib le
traSh

Main plant Ferrous 100 5 x io2 2 x 10~~ 1 x ~~~ i x iü ’6

failed equipment alloys

UF 6 p lant failed Same as above 5 x io
2 1 ~ io

_2 o u 1 x l0~~
equi pment All others 0

Pu0 2 convers ion Same as above 5 x io2 2 ~ l0
_2 

~ 1 x 10-4(c)

failed equipment

a. Given as fraction of Ci values listed in Table 3.3 .8 or 3.3.9, exclude the volatile isotopes 
3H , 

85Kr , and l29~
b. Given as f ract ion of Ci values listed in Table 3.3.11 or 3.3, 15 .
C. Given as fraction of Ci values listed in Table 3,3,17.

- 
I
~~~~~~~~~~~~~~~~~~r~~C);~

2
~~~
4 

- I--- - 

~ 

-,
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TABLE 3.3.36. Nontransuranic Failed Equi pment and Noncompactab le , Noncombus tib~e
Waste from the Fuel Reprocess ing Plant

Radionu cl ide Content
Components , Density, Volume , Activati on Fissf~ i”

Source ~ __,~iL~
_,_ 

~,~gL8L~
_ m3/MTHM Prod uct s (a ) r roc cts~~

Storage basin non- Ferrous 9fl 2.5 x io2 ~ x io
_2 

6 ~ i0 ’~ 6 ~ lO’~
combustible trash metal

Glass 10

Storage basin Ferrous 100 5 x io2 1 x lO _2 8 x 10.6 8 x lD’~
fa iled equipment metal

a .  Given as fraction of Ci values listed in Table 3.3.4. To obtain Ci /yr for a given
isotope, multi p l y Ci /yr given for that isotope in Table 3.3.4 by the fraction listed
here.

TABLE 3.3.37. Gaseous Waste from the Mixed Oxide Fuel Fabrication Plant

Components, Density , Volume , Radionuclide content
Ci Source wt% k~/m3 m3/MTHM ActTh1des~a)

C 
, fnfluent to air Air 1.22 1.1 x ~~ 3 x lO~~

filtration system

Vaporized H20 6 x i0~ 2 x 10
3(b) ~~ 1 x lO~~0

excess water All others 1 x l0~~2

a. l~iven as fraction of Cl values listed in Table 3.3.18.
b. Volume of wa ter vapor at 100°C.

C ____________________________

- ‘
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TABLE 3.3.38. Compactable and Combustibl e Wastes from the
Mixed Oxide Fuel Fabrication Plant

Components , Dens 1t~ , Vol ume. Radionuc li de Content
Source wt% kg/m i m3/MTHN Actinides (a)

HEPA filters Me tal 60 1.6 x io 2 ~ x 10
_ i 

7 x l0~~
Glass 40

Combustible trash PVC 33 1.2 x 102 5 x 10
_ i 

3 x lO ’
~

Ce llu losics 30

Polyethy lene 18

Latex 9

C Neoprene 9
St yrene 1

a. Given as fraction of Ci values listed in Table 3.3.18.

C TABLE 3.3.39. Concentrated Li qu ids , Wet Wastes , and Part iculate Solids from the
‘ Mixed Oxide Fuel Fabrication Plant

Components, Density , Volume , Radionuclide Content
Source wt% kg/rn) Jn3/MTHM Act lnides (a )

Process solutions Al ( N03)3 16 1.2 x 10~ 2 x io
2 i x io~

Ca(N03)2 6
CaF2 0.2
H20 78

Scrap recovery A 1(N03)3 2 1.2 e O~ 3.5 x 10
_ i 

~~ 2 x lo~
.2

solut i ons Ca(N03)2 11 All others 1 x l0 ”~
A1F 3 0.4
NH4NO3 7
NaNO 3 7

H20 73

a. Given as fraction of Ci listed in Table 3.3.18.
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TABLE 3.3.40. Failed Equipment and Noncompactable , Noncombust ib l e Waste
from the Mixed Oxide Fuel Fabrication Plant

Components , 0ensit~, Volume , Radio nuclide cootent
Source wt% kg/mi m3/MTKM Act inides (ai

Noncombustible Metal 90 2.5 x io2 ~ x lO~ I x l0~~
trash Glass 10

Failed equipment Metal 80 1 x 1O~ 2 x 10
_i 

I x l0~~
Insulating 20
br ick

a. Gi ven as fraction of Ci values listed in Table 3.3.18.

- ‘ I C,—’ ~, ~~~~~~~~~
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3.4 WASTE MANAGEMENT ALTERNATIVES

The waste management system has potentiall y six steps for each waste type.

1. waste treatment
2. onsite interim storage
3. transport to central site interim storage
4. central site interim storage
5. transport to final isolation
6. final isolation (assumed here to be a geologic repository).

Steps 2, 3, and 4 are only required in the event a geolog ic repository is not availabl e at
the time the waste is treated . One additional step required in the case of the once-through
fuel cycle is lag storage to permit radioactivity decay prior to treatment (packaging). Lag
storage prior to treatment is also an alternative for HLW management in any reprocessing cycle.

Figures 3.4.1 - 3.4.9 show management alternatives that have been selected for detailed
analysis in this report and identify the tables where each waste type is described and the
sections of this report where each alternative is discussed . Aside from providinq an overview
of the major sections to fol l ow, these figures show :

• how the prima ry wastes described in Section 3.3 are combined as feed streams to alterna-
tive waste treatment options

F • how treatment of airborne and gaseous effl uents generate solid wastes

• how each waste management step relates to the preceding and succeeding steps

• how the alternative technology options apply to different fuel cycle options .

For most waste types , at least 2 technologies for each waste management step are anal yzed.

To facilitate the description and analysis of complete waste management systems , one
alternative at each step was selected to be a component of an integrated system early in the
study . In some cases , further analysis during the study has indicated that another alter-
native mi ght have been a more optimum choice. Selection of these reference alternatives was
necessary to fully account for the effects of secondary waste quantities and radioactive
releases to the environment and to develop subsystem costs and complete waste management
system costs. The chosen reference alternative is indicated in the figures by a heavy black
outline. The combination of reference alternatives make up the reference system.

3.4.1 Waste Management Alternatives for the Once-Throug h Fuel Cycle

The waste management alternatives evaluated for the once-through fuel cycle are shown in
Fi gures 3.4.1 and 3.4.2. The alternatives for spent fuel management are shown in Figure 3.4.1.
The secondary wastes produced in the steps are all considered to be nontransuranic (non—TRLJ )
wastes and are not considered further in this analysis. Other than the spent fuel itself , the
only wastes from the once-through fuel cycle whose management requirements are considered in
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this report are the airborne and gaseous wastes from the independent spent fuel storage basins
(ISFSBs). Figure 3.4.2 shows the waste treatment components for the airborne and gaseous
wastes at a large ISFSB.

3.4.2 Waste Management Al ternatives for Other Fuel Cycle Options

Except for some of the waste components , Fi gures 3.4.3 - 3.4.8 apply to both uranium -only
and uranium-plutonium recycle fuel cycles. Figure 3.4.3 shows alternatives for managing airborne
and gaseous wastes from a fuel reprocessing plant (FRP). Fi gure 3.4.4 shows alternatives for
fuel residue (hulls and hardware) and hi gh-level waste management at an FRP . Figure 3.4.5
shows alternatives for managing concentrated liquids , wet wastes , and particulate solid wastes
at an FRP. Fi gure 3.4.6 shows waste management alternatives for compactable and combustible
waste at an FRP. Figure 3.4.7 shows the alternatives for managing failed equipment and non-
combustible , noncompactable waste at an FRP .

The alternatives shown in FIgure 3.4.8 apply to management of the FRP plutonium product in
the case of uranium -only recycle.

The alternatives shown in Figure 3.4.9 apply only in the case of plutonium recycle and
show waste treatment alternatives at a mixed oxide fuel fabrication plant (MOX FFP).

3.4.3 Waste  Management Al ternatives for Deconitiissioning Retired Facilities

At the end of their useful life, the facilities used in the light water reactor (LWR) fuel
cycle options will be decomissioned . Because decomissioning wastes differ from the prima ry
wastes , which have already been described only in quantity and not in kind , the waste management
procec~ res developed for the prima ry wastes generated during operation of facilities can also
be used during decoTmlissloning of the facilities. Details of the deconlTnssioning procedures
are given in Section 8.0, along with a description of the wastes produced .
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3 5  SECONDARY WAST ES

Secondary wastes are the wastec generated during the treatment , storage , transportation
and disposal of primary wastes . They are low- and intermediate -level wastes r~f relativel y small
volume that arise solely from management of the primary wastes . An assessment of tne
technology for radioactive waste management is , therefore , incomplete unless the impact of the

secondary wastes is included . This section characterizes the nongaseous* seconda ry wastes pro-
duced by technologies for managing transuranic (TRU) wastes , as outlined in the previous sectiofl
and as described in detail in Section 4 of this report.

3.5.1 Characterizat ion of Secondar y Wastes

Nonga seous secondary wastes arising from operation of the reference waste management system
(defined in Section 3.4.4) at the fuel reprocessing plant and mixed oxide fuel fabri cation plant
are 5t~~wfl in Tables 3.5.1 and 3.5.2, respectively.

The nonqaseous secondary wastes are classi fied into three categories : 1) compactable
and combu sfible waste , 2) concentrated liquids , wet wastes and particulate solids , and 3) failed
equipnent and noncompact able , noncombustibl e waste.

3.5.2 Disposition and Treatment of Secondary Wastes

In mos t instances , the secondary wastes can be recycled , ce ., combined with corresponding

pr ima r / ~aste s- reams fcr treatment. This is possible because in almost all instances the

s’~condary ~tastes do O~ have an/ distinctive properties that alter the treatment process require—

~en:s. An except ion in/cA lves inc inerat io.~ of pr i mar y wastes con ta ini ng halogena ted plas ti cs .
Tce secord-i r~ wet wastes resulting from this treatment task contain halogens , which create

corrosion ~roblen s Sperfal eauipment must be provided for concentrating and neut ra li zing this

cecsndary waste ~efore i t  can be combined with primary liquid waste for immobilization .

The cver al l impa ct of secorIIary wast~ s is ar increase in the volume of wastes that mu:t
)r I r ~o t~~~t;- e t . na r d ling, ~ra nsport acicA n and disoosal . Since the activit y introduced into

t e  ~as te ~~~ er ’-nt system is not ceangel (it depends onl y on the primary wastes~ , the

speci ’ic act-nt 1 the t ’e a t ed  wastes is act~.-~fly reduced because of dilution. Eval ua ti on
Y tie e’’~ ccs of secondar ,- .4-~-~tes is basi a ll y, then , an evaluation of the effects cf the

increrne’ tal Snc rea .~ in ro~.qnp t mc,osed on tee management System .

j if - re r t treatr processes pr-/cuce di~~erent vo l umes of secondary waste and th is can

beco’-~e an import - t’t ac~~e c A t  l r  compdr l rt 4 cO oetitiv e waste treatment options. Tables describing

tne ceco n-iia ry waste s pr-cd~ced : . , - ~a -  ~~ste treat-en~ alternative and each interim storage alter-

‘~~tiv e are included ir Sec’4 c’~s 4 id t , respectively.

* The 4-a SCOiS secondar , wastes ‘- A r tee ~~ ernative tecnnologi es are described as part of the
process lescript ions ~-~ r ~~- - -  technolog 1 in ~ection 4 of tn is report.



3.5.2

TABLE 3.5.1. Fuel Reprocessi ng Pl~ n~ TRU Seco nda ry Waste s fo r
Reference Fuel Cyc le~à )

Thrpo er.ts . Thn~ t j .  ,olum e . Radto ru c ~e r~ erts ~

— 
das ne atevos y a — i i  ‘~ ii s[~4 A  acts cT ~ -. a o so

Noncombu st ibl e and Metal 100 500 0.075 1 .5 l0~~ U 6 - 10 8 - -
Noncoespactable r)~~tr 

0

3 10 ’
~ All o thers - l0~~

Al l  ‘e r  1 , l0~~
n r t ’ a t e d  L q . d s ,

we ’ uas~ es and
°ar~~cu lat e Soi ls

nc r a p o r  P. - 100 230 1. ~S5 ~r , 85(, I) 3 1 l0~~ 10~~
179. 2 x - P5 5.8

Zr- ’ib , Au- Ph I a l0~~ A l l  ot be r~ 2.2 l0~~
811 ~e - s  - - S a

: r c r f t r a t o r  cr ,b Soli ds 25 1250 0.185 ~ft I n l0~~ ~u 2. 5 a l0~~ I a
So ~t,on aa ’.er 75 — 7‘ - 0  Al l  o i T h - s  2. 5 ‘ I S

29 .

Pu-R h 2. 5 10~~
A l l  o0~er~ 2.5 a l0 8

u sce llaneou s SOl i ds 25 1200 0 .017 3 l0~~ U 5 a l0~~ 1 - l0~uater 75 55 -~I) Pu 9 a 1 0

• 
123 . 3 , !0~~ 411 o t h e r s  6 I 0~~
A ll others 1 l0~~

a r d  P a p e r  Pa ~ s 40 1 20 0. 28 7 - l0~~
’ u a l0~~ 1 - 

C a O . C  

~~~ prer e ~ 0 7 l0 ’~
~ol ft e t o,1e ne 14 129 t 1 , l0~~ All others 2 -

A l l others 2 v

a The r e f e - e n c e  f A e I  o. .cle is defined in Sec tI on 3 4
5. POt  a s r . g u r a l u n  an d  y l - A t o r t u r  recy lce , 2001 ~ r fjear reprocessed 1 .5  ~earo out-0 1- reactor
C .  S an .- a s ’r a c t . o n  o’ v a l u e s  l isted in ab !e 3 . 3 9
d. Gi v en as f r a p t ~ o~ of Ci values listed in Table 3 .3 ! 5

S een as C r a t t - o r o f Ci values listed ‘n Tables 3 3 €  and 3 3 7

TABLE 3.5.2. Mixed Oxide Fuel Fabrica~ içn Plant Secondary Wastes
for Reference Fuel Cycle l,a)

Components , Density , Volume . Radionuc l ide Content~~±
W as te Ca~~5~ry _ _  WtZ k~~~L_ m3/MT MOX fuel Act in ides I C Y —

N on coesous tib le and Metal 100 500 0.005 4 ,
Nonco snpa ctab le Trash All others a 10

Concentrated L iq u i ds ,
Wet Wastes , and
Part iculate Solids

Incine rator Ash Ash 100 240 0.021 3 x 10~~

Inc inerator Scrub Solids 2 1020 0.32 3 v 10~~
Solu tion Water 95

M oce llan e ous Solids 25 1200 0.004 Mi 2
Water 75 Al l others 3 ii 10

Compa ctable and PVC 33 120 0,03 Mi 2 x
Combus tible Waste C o llul os iC s 30 All others 1 a 10

Pol yeth y lene 18
Latex 9
Neoprene 9
St y renes

a. The reference fuel cycle Is defined in Section 3 .4.
- b. Assu ming plutonium In MOO fuel Is from fuel reprocessed 1. 5 years out-o f reator.

fuel is fabricated 1 year later.
c. Given as fraction of Cl values lis ted in Table 3 .3 .18 .
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3.6 SCOPE OF TECHNOLOGY AND FACILITY DESCRIPTIONS

To develop the bases for the waste management technology and facility descriptions , exper ts
in 17 areas of waste management technology from twel ve DOE contractors and laboratories were
appo inted as technology characterization Task Leaders . These Task Leaders were assigned
respons ib lit y for selectin g the particular alternatives to be evaluated and the reference
process or concept for each of the alternatives in their field of expertise and for developin g
Facilit y descri otions for each waste management alternative. The technology characterization
tasks included:

• hi gh-level liquid waste solidificati on

• fuel residue treatment

• failed equi pment and noncombu stible waste treatment

• combustible and compactable waste treatment

• non-high-level 1in ~ id waste treatment

• concentrated liquids , wet wastes and oarticul ate solids imm obilization

• off-gas particulate treatment

• volatile radioisotope treatment

• hi ab -level liquid waste interim storage

• fuel residue interim storage

• non-high-level solid waste interim storage

• sol idified HLW interim storage

• pluto n ium storage

• spent fuel interim storage and spent fuel packaging

• waste transportation

• geologic isolation

• facility decommissioning

In addition to the technology characterization task assignments , six other task leaders were

assigned responsibility for system tasks , either providing input for or analyzing information

from all of the technology areas. These system tasks included:

• waste characterization

• fuel cycle and systems analysis

• safeguards analysis

• accident analysis

• cost anal ysis

• criticality and shielding analysis

The laboratories and organizations participating in these task assignments are identified in

the Introduction (Section 2.0).

The a lternative processes or concepts to be evaluated in each techno 1og~’ area were selected
from those identified as commercialized or available technology . A previous ERDA study

(ERDA- 76-43) was the prima ry reference. Commercialized technology was defined as technology

in routine industrial use; available technology was technology that had been developed suf-
ficienti , to permi t design and construction of a full -sca le comercial installation , though

— ~~~~~~~~~~~~~~~~~ 
.,_ ,—~ ~, -
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design verification tests might be required . In the case of geologic repositories , the
technology of mine construction is well developed but the technoloqy of site characterization

and site selection requires further development.

The facility descriptions developed by the technology characterization task groups pro-
vided the followin g kinds of information:

• technical descriotion of the facility

• chemical and process flowsheets

• descriptions of major process equipment

• descriptions of shielding requirements

• descriptions of operating and maintenance requirements

• estimates of materials and utility requirements

• estimates of staffing requirements

• identification of any hazardous materials required

• ‘jeneral descriptions of required structures

• any special siting requirements

• estimates of any radioactivity or non-radioactive chemicals , particulate or gaseous

re1 .~ase- , and any hea t releases

• description of any significant odor or noise impacts

• description of potential accidents (see Section 3.7 for a discussion of accident anal ysis

bases).

Because of variations in the amount of facility design information available the scope and content

of the task group facility descriptions varied .

An architect engineering (A—E) firm (Bechtel , Inc.) with experience in design and construc-

tion of nuclear fuel cycle facilities was contracted to complete the facility descriptions

prepared by the tasks groups to an extent sufficient to develop preliminary capital cost

estimates . They were also charged with preparing the capital cost estimates and estimating

construction requirements and impacts . The descriptions in all cases are preliminary con-

ceptual desi gn descriptions sufficient for preliminary cost estimating purposes . (Development

of the cost estimates is discussed in more detail in Section 3.8). A grea~ dea l more design

effort would he required prior to construction of any such facilities .

In addition to the capital cost estimates, the A— E developed estimates of the fol lowin g:

• Construction schedules

• construction labor force size , composition , and schedule

• site and materials requirements

• transport requirements

• onsite and offsite cost breakdown

• i dentification of any unusual environmental effects.
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3.6.1 Q~~~~ zation and Conterlt ofT l.2~y~~ections

The information developed by the task groups and the A-E ~~s cr iti cal l y re-,~ ewed and consoli-

dated into a consiste nt format by a coordinating team at the Paci fic ‘I o rt b w CSt . Laboratory

(PNL), ocer-ated for toe Department of Energy by Battelle Memorial Institute l . Subsections on

accident and cost anal yses and on safeguards and ph ysical protection requirements were also

~eieloped at R~iL based on in fo -a t io n suop lied by the Tas k groups and the A-E and supplemented

from otner sources as necessa r , for comple teres . An intensive effort was made to use and

present a consistent data base th roug nou t the reoc-~-t.

In tnis report the waste manageme nt functions are sibdiv ided by major categories in

separate sections as follows :

Section -~ a~as te Treatment Technology 
a

Section 6 Irterim Storage Technology

Section 6 Waste Transportation Thchno logy

Section 7 Final Isolati on Technolog y

Section 8 Retired Facilities Decommissioning ‘ecn nologv

The final two sections in this report (Sections ~ and 10) do not descr ih e was te -nanal1e~ ert

technology. Section 9 discusses thoriu~ fuel cycle wastes and Section 10 uses lata deve loned

in the orecedin g sections to develop a complete waste ma ranem ent system s anal ysis.

The organization is’ a t ,oica l technology sectior is as follow s :

x. n Waste ~ana~ emen t ~ j rC t 1 i s n

x . x .l Alternative A

x .~~.2 Alte — na tiv e 8

x •x.3 Other alter natives

- , .  ~ Phi sical Protection and Sa ’eguards Requirements -

Fo r exa mp le , in Sectioi 4 Waste ~reatment Techn9lo , 4.1 ~Jg~~Leve 1 L i q~id Waste ~o l id if i ca t ion
identi ’ies a waste manag oment fun ction and 4.1.1 Hi gh-Level Waste V i t r i f i ca t i on  and ~.1 .2

Hi gh—Level Waste  Calc in a t i or identif- ,- the two alternative processes tha t, are described.

Section 4.1.3 contains a br ief discussion of other HLLW solidification alternatives not

descri bed in detail and Section 4.l.~ ec tai n s a dIscu ssion of safeguards and ohys ical pro-

tection -equire nents ‘o’ HLLW solidific a t io n orocesses .

As far as practical the descriptions of each alternative process or concept are pre sented

in a 5t-3 nda r~ twelve component ‘ormat iden ti ~ ted by four-di git subheadings s x . x. y ) . Thi s

format is followed closel y in Sections and 5, which are the largest technology sections.

The format is modified for Sections 6 and 8 because not all of the topics are appropriate . Th

Sect ion 7 most of the same top ics are covered but at a three-dig it subheading level .

The twelve sub-headings and the nature of the information found under each topic are as

follows:
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x .x . x.l Reference Process or Concept Alternatives

Describes the available process or concept alternatives , identifies the
reference process and the reasons for selecting the reference process.

x.x.x .2 Reference Facility Design Bases

Describes reference facility capacity, special repuirements or limi tations ,
assum pti ons , etc .

x .x. x.3 References Process (or Operation )

Describes the reference process or alternatively how the facility operates
as in the case of a storage facility .

This section includes a flowsheet of the process or flow diagram of the

operations . In the waste treatment sections two important tables are also
i ncl uded here , one listing the quantities of major radionuc lides present in the

input to the process or facility and one describing the product of the process
or facility . By reference to tables in Section 3.3 more detailed radionuclide

content data can be obtained . The product description includ es such information
as the vol ume , the density , the ratio of the volume after treatment to that

before treatment , the number of containers per year within each of several

su rface dose rate ranges (-~O,2 R/hr , 0.2— 1 R/hr , 1—10 R/hr , and >10 R/hr), and

the radioruc lides pres’ent in the product (as a fraction of the input to the

process or facility). These tables are not required in the waste storage

sections. Here the input wastes are described in tables presented in the

irtr oduction portion of the sections.

x .x.x. 4 Refere nce Facfl it~~~~~~jçtion

A description of the conceptual facilit y is presented here . Major components ,
systems , and equipment i tems are identified and described. Plan and elevatio n

view drawings of the facilit y are included here . Soecial considerations such

as shie ldin ’j requirements are also addressed here . It should be keot in mind

that not all of the construction details will be found on these preliminar y -

des ign drawings. For example , details such as viewin o windows , entry was’s ,

tie-ins wito other faci lities , etc are not necessarily shown . However , al l ow-

3nce s are made for these i tems in the cos t estimates .

x - v , x . 5  Reference Faci ,lit y Qper~~ in~y~~nd !~~~~~n~i~ce Reaul remerlts

Typical i tems covered here include the mode of operation (around-the-clock , one-

shi ft per day, inter m ittent , etc.), whether or not oper,stion and m aintenance

activities need to be performed remotel y, special rep lacement reQuire-Tent s ,

hazardous ma terials usage , staffinq requirements, and supply and utilities

requirements . The water usage values listed under utilities requirements

refer onl y to that anoint of water tha ° is consum ed , i .e ., discharoed as vapor
from a cooling tower or ntborw ise made unavail abl e ‘or unrestricted release ~~‘

the li quid form and u lt i lte return Cn it s source.

_ _ _ _ _  — j
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X x ,.u ,€ Reference F~c i1 it v Secondary_Waste

Secondary wastes resulting from operation of this facility are described here

(see Section 3.5 for further details).

y , a ,x .7 Reference Facilit y Emissions

The emissions that result from operation of the “reference facility ’ are

described here . Important emissions of non-radio logic as well as radiologic

significance are listed . The annual quantities of the non—radio logic materials

are tabulated . The radionuclide emissions are listed as a fraction of the

input to the facility so that the effectiveness of the conta i nment practices

will be readil y apparent. Detailed isotopic releases can be obtained by

reference to tre input tables . In many cases the radion uclide-bear ing emission

from the reference facilit y is routed to a point in the primary facility where

it receives additional treatment before it is discharged to the atmosphere ; the

fractional releases tabulated in these subsections include the effects of these

additional treatments where aoo lic able.

Al so incLded as an emission is an estimate of the integrated annual release

from minor accidents . Th i s estimate was developed by weighing the minor accident

releases by their expected freauencies and summ ing the quantities for all identified

minor accidents . In addition , a contingency was included to account for uniden-

tified minor accidents and to s-ro e ”at e ‘-or the uncertainty in exoected fre-

quency information.

Other listed emissions inc ule trose from a cooling tower (evaporation , drift ,

a d  blowdown~ . To improve standar di zation between sections , a ~-e
fererce

cooling t ower  was developed and used to calculate toese emissions f rom the

indicated releases of beat to a cooling -wa ter system The “ -e~erence cooling

tower ’ releases water as evaporation and dr i ft at a temperature of 385C and

as blowdown -i t 27 C. The releases (per MW of heat duty ) are : 414 g H2D/sec as
evaporat ion , 2 g H2O~sec as drift , and 72 q H20/sec as blowdown . The water

m a k e - ~~p ~
‘ow is thus 488 p H20/sec MW

a l .’.8 Pe ’erem se ’as it y Decomm issioni ng_Considerations

Feat ures o~ importance here include the estimated useful life , the level of

residual activity, and design features to simplify decommissioning.

l . A x .9 Reference Facil i ty Postula ted Accidents

Scenarios and radioactivity release estimates for postulated accidents are
described here (see Section 3.7 for additional details).

A .X .x. 1O Reference Facil ity Cos ts

Cap ital , ooerating and leve lized unit costs are described here (see Section 3.8
for addi tonal details).



3.6.6

x .x. x .ll Reference Facility Construction Requirements

Project schedules , manpower requirements , site requirements , water requirements ,

construction material requirements and energy (i.e., fuel) requirements are

detailed here. Construction schedules assume no untoward delays. Licensing

difficulties could si gnificantl y extend the estimated project schedules.

x .x .x.l2 Effects of Fuel Cycle Options

Brief discussions of how fuel cycles other than the one used for design basis

would affect the “ reference facility ’ are presented here.

3.6.2 Reference Site

Since this was a generic study , a number of assumptions were necessary to establish a

basis for design and construction requirements . The following generic site characte ristics

and construction conditions and requirements were assumed f r all facilities unless otherwise

defined in the individual facility descriptions:

3.6.2.1 Reference Site Location

“he site is assumed to be located in the midwestern United States . The nearest town with

a population of at least 2,000 people is 12.9 km (8 miles ) prom the site. Nearby lar is e cities
h aving ocoulations of 40,000 an d 2,000,000 are 32.2 and 48.3 km (20 and 30 miles ) from the

site , respect ivel y.

3.6.2.2 Meteorolq~ fçal Conditions at the Reference Site

~ind .

Prevailin g directions Northwest and South through Southeast

l a x i s u  velocity 161 km/hr (100 mph)

Average velocity 0-16.1 km/hr (0-10 mph)

Design velocity 144.8 km/hr (90 mph)
(basic wind speed)

Desion pressure Per ANSI 58.1 with basic wind speed of 90 mph

Torn ado. For Category I construction , the design tornado is the Region 1 , Des i gn Basis
Tornado , as specified in NRC Regulatory Guide 1.76.

‘t ornado Missile s . For Category I construction , design missiles are in accordance wit h

ASCE Structural Desi gn of Nuclear Power Plants , December 8-10, l~ 75, Volume 1A , as specified

by the enginee r and approved by the NRC .

Precipitation.

0nnual average precipitation 77 cm/yr (30 in .yr )

Maximum precipitation 13 cm/day (5 in./da v )

Design maximum rate , pea’ 6.4 cm/br (2.5 in ./hr) 
-1 hr rate 50 yr recurrence

Design maximum duration 6 hr
10.16 cm (4 in.) total
Precipitation 50 yr
recurrence
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Snow . The design load is 150 kg/rn2 (30 lbs/ft 2)

Temoerature.

Summer maximum (Jul y) ~3°C (lOOnF)

inter mi n imun (January ) -34°C ~-30°F)

Design ‘~axin um , summer

dry bulb 32°C (9O~F)
wet bulb -24 C (7c~F)

Design minimum , winter -26°C (-l5~F)

3.6.2.3 Surface Conditions and Transportation Availability at the Reference_Site

Obstructions. No major obstructions to facility construction exist.

To,p~~!l,~p~~. Ground surface is essentiall y even and moderately sloping, providing good

drainage without erosion.

y~~~~ation. Ground cover is moderatel y low and has no extensive tree growth . Some

grubb ing and clearing for construction of facilities is required .

pL~Jna
e. Drainage is good and without swamps . Runoff is to natural streams , drainage

coannels , or basins .

~~~~~ Elevation of the site is such that with a design Storm occurrence , no flooding

mf facilities wi l l occur either from local runoff or from flooding of any nearby streams or

lakes . Location of water reservoirs and dams is Such that no flooding will occur in the

unlikel y event of a darn fai’ure due to earthquake or other causes.

3.6.2.4 i ,~~pOrtation and Utility _Av,~,,j ±l it at the Reference Site

Roa ds. A pproximately 1.6 ~m (1 mile) of new road construction is required to provide

access to the site from an existing U.S. highway .

Railroads. A oorox imately 3.2 km (2 miles ) of new railroad is required to provide a rail

spur service to this site.

Uti li ties. At the Start of construction , water supply, elec trical power , fuel oil ,

steam , and compressed air will not be available at the site . To facilitate construction

activities , the initial Site preparation includes insta llation of access road , rail spur ,

water supp l y wells , commercial power service, steam boilers , air compressors , and fuel oil

storage. .nti l these plant facilities are installed , construction water will be imported , and

compressed air and commercial power will be provided by portable units .

3.6.2 5 Subsurface_ Conditions at the Reference Site

Ohs truct ion s . No major underground obstructions to facility construction exist.

Soils. A thin layer of glacial till soil , generally less than 3 m (10 ft) thick , covers

the underlying rock.

Rock. The sail cover is underlain by sandstone and shale rock formations which can

support loads up to 73,000 kg/m2 (15,000 lbs/ft 2).
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Groundwater. Groundwater exists relativel y near the surface and will require special
dewatering for foundations and deep excavations . Below grade concrete walls and slabs of
rooms, cell vaults , basins , etc., will require waterproofing.

Frost. Design ground penetration is 1 m (40 in.).

Cavities. No cavities or small voids exist in the soils or rock underl ying the site . No

calcareous materials or other chemical s are present which might form future solution cavities .

3.6.2.6 Geologic and Seismic Conditions at the Reference Site

Faults. There is no indication that faulting affects the site area . The nearest known

or inferred fault is 37 km (23 miles) from the site and is considered not capable.

Structure. Other than Seismic Design Category 1 , structures are designed to resist

earthquake effects based on UBC Zone 2. Category 1 structures , on the other hand , are
designed to resist earthquake effects based on the maximum ground accelerations listed below

with amplification factors from NRC Regulatory Guide 1.60 , and damping values from NRC

Regul atory Guide 1.61 .

Operating Basis Earthquake (OBE) 0.1 q

Cafe Shutdown Earthquak e (SSE) 0.2 q

Lique faction Potential. Soils and groundwater conditions are such that when subjected to
seismicity , liquefaction of the soils will not occur.
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3.7 BASIS FOR ACCIDENT ANALYSIS

The acc idents considered in this report have been experienced or can be realistically postu-

la ted for licensed nuclear waste processing and storage facilities. However , no attempt was
made to exhaustively analyze all conceivable accidents . Though radioactive material inventories

at nuclear waste process ing facilities represent an inherent potential hazard regardless of the

treatment or storage al ternat i ves selected , acc i dent types and corresponding sequences of even ts
are characteristic of the specific process alternative and equipment. Thus , the potential acci-

dent spectrum might be altered for specific licensed waste management systems. Many of the

postulated accidents might be eliminated by advanced plant design or operational techniques.

Recogn izing these limitations , the acc i dent s pect rum descr i bed i n th i s report i s bel ieved to
be gener ically representative of potential accidents in commercial radioactive facilities.

The main emphasis of accident analyses in this report is to identify accidents with poten-

tial for offsite releases. In addition , it is realized that some accidents may also expose

plant workers . Several accidents with potential for internal contamination of workers are

identified in the individual accident source terms . Accidents which may increase radiation

levels in occupied zones and could result in increased worker exposures are identified by foot-

notes in the list of accidents in Appendix 3A. Generally these accidents have a si gnificant

potential for offs i te releases or disruption of plant activities .

Before a construction permi t could be issued for facilities such as those described in this

report , more exhaustive analyses than those developed for this study would be carried out during

licensing procedures under Federal Regulation 10 CFR 50 or equivalent regulations expected to be

adopted fo r geolog ic repos itor i es . 10 CFR 50 requi res an env ir onmen tal impact sta teme nt and
a prelimi nary safety analysis report based on preliminary design details .~~~ In addition , the

facility operating license requires a final safety analysis report based on final design details.

These sa fety analysis reports must define the facility safety hazards and describe the safety

systems that will keep accidental releases within regulatory limits.

The prime objective of the analyses in this report is an estimate of potential hazardous

ma terial releases (called source terms). These provide the bases for estimates of potential

exposures to employees and nearby populations. These exposure estimates are presented in

DOE/ET—0029. A complete source term includes information such as type and quantity of nuclides ,

chemical form , release point , rate of release, and quantity of diluent (air or water) accompa-

nying the release. However , the point of release and diluent flow rates are the same for most

accidents at a particular facility ; for example , the ma in stack and stack effl uent at a fuel

reprocessing plant (FRP). In these cases the necessary source term data reduces to released

material quantities and the late of release.

An umbrella source term concept is used to limi t the number of accidents requiring detailed

impact anal ysis in DOE/ET-0029. Viewed independently of accident initiation sequences and

frequencies , the design-basis accident source terms can be grouped by release severity for

env ironmental consequence analyses . Forty-one different release groups are defined based on

similar release pathways , chemical form , accident severity category, and isotope types released
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(fission products , activation products , and actinides). The largest release from any of the
accidents in a group of accidents was selec ted as the umbrella source term for that group.

The first step in accident source term definition is i” entific ation of representative

acc idents. Each waste treatment and storage technology was examined by a technology task

group to postulate potential accidents which might result in offsite releases or significant

impact on plant operations. The accident lists were then reviewed by safety specialists to

assure a consistent and comprehensive analysis. This is a speculative process , especially for
those facilities that are conceptual and thus have no operating experience. In these cases ,

the depth of the accident analysis is limited by the depth of the conceptual design details

available for the facilities.

Source terms were developed using successive release fractions. These fractions can be
defined as the amount of radioactivity released in an accident. Specifically, th~ release
fraction is the fraction of radionuc lide inventory that is released to the next containment
barr ier or to the environment.

The radioactivity released in an accident may be substa ntially reduced by one or more
barriers , such as a hi gh-efficiency particulate air (HEPA) filter bank. The radioactivity

released to the environment is estimated by multiplying the product of the release fraction

for each release mechanism and containment barrier (e.g., the accident , process equipment,

HEPA filters, etc.) by the radionuc lide inventories involved in the operation. Where multiple

waste treatment options are examined , anal ysis is based on the reference system (see Section 3.4)

waste form.

Another important factor for assessing the impact of potential accidents is accident
frequency. Accident frequency estimates were developed for i dentified accidents where possible.
Many of these estimates are based on previous experience with similar equipment , but many

others are eng i neering judgment based on review of the conceptual designs. The given fre-

quency values should be considered order of magnitude estimates. A listed frequency for a

specific event is believed to be an upper limit estimate; however , they have a substantial

unce rtainty since accident frequencies are sensitive to the type, manufacture , installation ,

and operation of the equipment.

Following source term and frequency definition , the lists of representative accident
scenarios were classified into three accident severity groups :

• Mi nor: relatively frequent occurrences involving process Interruptions without potential

for significant release of radioactive or other hazardous materials.

• Moderate: infrequent events with potential for small material release , major equipment

damage , or the creat ion of radiation fields In occupied zones which could result in

occupational exposures exceeding 10 CFR 20 limits (5 rem/yr).

• Severe: unlikely events with a potential for significant radiation hazards; these events
are postulated to establish performance requirements for plant safety systems. Acciden-

tal releases of sufficient radlonuclides to cause occupational exposures which could
result in detectable clinical effects (assumed to be >25 rem) are included in this
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category . Since the safety systems are designed to confine and miti gate the impact
of these severe accidents, the actual release may be no larger than the “minor ’ or
moderate” class accidents.

The three accident classifications cover the spectrum of desi gn—bas is accidents. Hon-

design -basis accidents include all accidents which exceed site criteria * or involve concurrent
independent failure of process and multiple containment system barriers . By virtue of plant
design and operational techniques , the possibility of a nondesign -basis accident is extremely
unlikely during the design life of the waste treatment or storage facility . However , because
of the long period of required containment , several nondesign -basis accidents for geologic
isolation of nuclear waste are postulated. Nondesi gn-basis accidents for other facilities ,

which all have expected useful lives of less than 100 years, are not considered in this report.

Releases of radioactive material to the environment result from two different events :
1) norma l operational releases and 2) releases resulting from accidents . Operational releases
result from routine handlin g or processing of radioactive materials and are limi ted by the

containment system design and performance. They are expected to occur at a relatively uniform
rate over the life of the plant. Accidental releases occur intermittentl y because of operational

errors or System component and containment failures , and releases are generally inversely propor-
tional to their frequency . The small-release , moderate-freque ncy minor accidents are characterized

in this report in two ways : 1) as a short term intermittent release from a single accident and

2) as an integrated annual release from all minor accidents averaged over one year and added

to the normal operationa l emissions. Because of their low frequency , releases from modera te

and severe accidents are characterized only as intermittent releases from individua l accidents.

Acc idents postulated for this report are presented in each waste management facility

descr iption . Following introductory material specific to the analysis and history of accidents

for each technology , accident descriptions are reported by severity category in the following
four column tabular format. This format concisel y presents large amounts of information
descr ibing the sequential nature of accident propagation and the way plant safety systems inter-

vene to miti gate potential acc i dental releases .

• Column I - accident number: a three-digit number tha t identifies each accident by

technology , descriptive title , and es timated freq uency of occurrence

• Column 2 - sequence-of-events information that shows the dynamic path of the accident

• Col umn 3 - safety systems that explain how an accident can be prevented by desi gn ,

discovered by alarms , and/or miti gated by a confinement system and/or
opera tor ac tion

• Column 4 - amount of release, the expected scurce term , i.e., the material specification ,

loca ti on , and duration of the expected potential release.

* Site criteria include 1) definition of the maximum credible earthquake , surface faulting,
floods, and wind velocities based on historical evidence , local and regional geology , and
expert judgment; 2) local and regional demography ; and 3) proximity and definition of
hazards caused by man.
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A listing of all postulated accidents and a cross reference lis ting under the appropriate
umbrella source term is provided in Appendix 3A. Accidents with a potential for external
worker exposure are also identified . Umbrella source terms and the results of the consequence
anal ysis are presented in DOE/ET/0029.

The bases for the nuclear criticality calculations carried out for this study are described
in A ppendix 38.

REFERENCES FOR SECTION 3.7

1 . Title 10 , Code of Federal Regulations , Part 50 (10 CFR 50).
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3.8 COST ANALYSIS BASES

One of the important aspects of radioactive waste management is cost. A great deal of

concern has been expressed regarding possible costs for managing the radioactive wastes pro-

duced in the commercial nuclear fuel cycle. To help place this issue in perspective and to

prov ide a basis for comparing waste management costs for alternative fuel cycles , subsequent

sections of this report include estimates of capita l , operat ing, and unit costs for the various

waste management facilities described. This section discusses the assumptions and methodology

used to derive these cost estimates , as well as the bases for determining estimate uncertainty

ranges .

A constant dollar method of analysis is employed in which all costs , both present and

future , are expressed in terms of the buying power of the dollar in mid- 1976. This is not

meant to imply that inflation will not occur; rather, cos t relationshi ps can be more easil y

understood and place d in perspective if they are stated in constant dollar terms . It is reason-

able to assume that , over the long term , the estimated costs developed in this study will in-

crease at a rate comparable to the general rate of inflation.

In general , capital costs are derived by estimating requirements for major equipme nt,

buildings and structures , site improvements , and construction labor. These direct cost esti-

mates are then factored to generate other direct costs , indirect costs , arch itect-engineer

costs , and owner s costs . Operating costs include all cost i tems identified with the labor

force or production. The number of man-hours , quan tities of materials , and requirements for

utilities have been derived in each case from the reference facility descriptions. The allow-

ances for main~enance , overhead , and miscella neous costs are derived by factoring either capital

or direct labor costs . Levelized unit costs are calculated charges per unit of production suf-

ficient to earn a specified return on outstanding capital investment; pay all operating expenses ,

including taxes and insurance; and , over the life of the project , recover the capita l investment.

The capital cost methodology outlined in this section is used to estimate all of the

cap ital costs given in this report except for those of the transportation facilit ies , which are

discussed in Section 6. The operating cost methodology applies to al l waste management functions

excep t transportation and geologic repositories; cost development for these two functions is

descr i bed in Sections 6 and 7, respectively. The leve lized unit cost discussion gives the data

used in estimating the cost of money and other calculationa l parameters ; it also addresses the

effect of economic plant life on unit costs.

3.8.1 Bases for Capita l Cost Estimates

The capital cost estimates in this report are presented using terms and phrases whose

mean ing may not be self-evident. Terms not defined elsewhere in this text are defined below :

Allowance i tem: A number , arr ived at by judgment , tha t represents mater ial
or equipment cost that cannot be developed otherwise

because of the absence of design detail.
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Contingency: The amount of money added to the estimated cost of a project
to cover certain areas of cost uncertainty and reduce the proba-

bility of understating the project cost estimate . With the

contingency added , there is a more nearly equal probability of

a cost underrun or overrun .

Cost of money: We i ghted cost of debt and equity financing . “Cost of money”

i s used synonymousl y with “cost of cap ital.

Scope: Refers to the work within the purview of the architect-
engineer , the con tracto r, and the owner (e.g., construction ,

eng ineering, procurement , and management). Scope also

refers to the descri p tion and def i n i tion of the processes ,
design details , capacities , phys i cal sizes , and so on required

for develop ing the cost estimate .

Si te—related: Refers to facilities whose design are unique to a

given site. The term “site-sensitive ” is also used in this

sense.

Start-up: The testing of equipment and systems , unde r actual or simu-

la ted operating conditions , that takes place dur ing the
period between mechanical completion and commercial operation

of a given facility to assure that the facility is functioning

properly in all respects . This activity is included in

owner~s costs.

Take-off: The analysis of eng eering drawings or sketches to determine

the physical quantities of materials required for a facility .

3.8.1.1 Construction Conditions

As a bas i s for est im a ti ng ca p ital cos t, the follow ing construction conditions are assumed

to prevail at all sites:

• Construction labor fol l ows a 40-hour , single-shift work week schedule. Exceptions include

casual overtime (e.g., to comple te a concrete pour) and instances where two- or three-

shift concrete work operations are planned to meet the construction schedule.

• Severe work stoppages , such as extensive jurisdictional disputes between labor crafts , do

not occur duri ng construc ti on.

• The labo r force in each craft is adequate; labor need not be imported except for general

foremen .

• Craft labor wage rates , including fringe benefits , are those prevailing for a Midwest

construction site in mid-1976.
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3.8.1.2 Field Costs

The total field costs are the sum of the direct and indirect site construction costs .
Descri ptions and methodology for pricing the various elements that constitute the field costs

are outlined below.

Major Equ ipment. Major equipment includes all purchased equ i pment that does not require

or involve third-party labor at the construction site for installation or erections. Equipment

types include pressure vessels, hea t exchangers, cool i ng towers , tanks , boilers , pumps and

drivers , vacuum equ i pment , compressors and drivers, materials handl ing equipment , and slave

manipulators.

Major equipment costs are derived from estimated prices of similar equipment as indicated

in cost estimates developed for other fuel reprocessing plants, rad ioactive waste disposal

fac ilities, and other plants dealing with the nuclear fuel cycle. Necessary adjustments for

capac ity, pressure , temperature , complexity, and metallurgy were made ; the adjusted prices were

then escalated to mid-1976 dollars. In cases where specific design information was limited ,

cost allowances were developed based on eng ineering judgment and recent nuclear experience .

Bu ildings and Structures. For cost estimate purposes , the buildings and structures cate-

gory comprises all materials, equipment, and labor required to construct the architectural and

structural components of a particular facility, including excavation and backfill; painting and

coat ings ; heating, ventilating and air conditioning service; and normal building utilities

extending to a point 5-ft outside the building or structure line. Major process equipment and

assoc iated pi ping, electr ical , instrumentat ion, and site improvements are not included in this

cost catego ry .

For heavy , concrete-walled struc tures, costs are based on take-offs from concrete and

steel estimates , as wel l as other bu ilding material estimates. For li ghter structures , such as

administ ration buildings , costs are’ estimated by applying unit volume or area cost factors for

construction to the estimated volume (area) of the facil ity .

Bulk Materia ls. Bulk materials , including instruments and controls , pipe, valves , pipe

fittings, pipe coverings , conduit, wire , cable, and cabl e trays , are materials associated with
major process equipment and purchased in quantity for fabrication or assembly and installation -
at the job site . Generally interpreted , this means al l materials that are not defined as major

equi pment , build ings and structures, and site improvemer

Except for instances where enough information exists to warrant quantity assessments and

unit pricing of certain specifically identified material , bulk materials costs are determined

ei ther as a function of major equi pment costs or as a cost allowance. Factored estimates take

recent experience into account and i ncorporate escalation to mid-1976 dollars.

Site Improvements. Site improvements comprise work wi thin the limits of plant property

that is not identified with major equipment, buildings and structures , bulk construction

mate ri als , or temporary construction facilities. Examples of the kinds of work in this cate-

gory include site clearing and grubbing, site grading, roads , ra i lroads , walks , fences , area 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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l ighting, paving, sewers and fire water system (external to buildings ), reservo irs and ponds,

and l andscaping. Site improvement costs are generally determined as a cost allowance based on
experience and the plot plan descr iptions.

Di rect Labor. Direct labor includes all manual and nonmanual personnel that are directly

hired by the contractor for performing the work at the project site. Direct labor costs are

evaluated from estimated man—hours for erection and installation sequences and operations and

craft wage rates and fringe benefits in effect at mid-1976. Labor man-hours are representative

of the craft production rates i n the area of reference jobsites.

Indirect Site Construction Costs. Indirect site construction costs include material and

labor costs that cannot be identified with or allocated to specific d i rect cost operations in

the construction of either the entire project or individual facilities. Examples are casts for

contractor ’s supervision , const ruc ti on tools , eq ui pment and consumables , temporary construction

facilities , utilities , material handling, and cleanu p. The con tractor s fee is also included in

this category . These costs are combined and expressed as a factor of direct labor in each
fac ility estimate.

3.8.1.3 Architect-Engineer Services

The architect-engineer (A—E) manages the project. He also engineers , designs , and procures

all plant systems , buildings and structures , and si te improvements as defined in the facility

descriptions . The cost of A—E services are estimated as a percentage of the total field cost

and include overhead costs and fee.

Specific A-E responsibilities include: 1) project management , comprising construct ion

managemen t; project planning, scheduling , and supervision; develop ing a project cost estimate ,

a project budget , and project control methods; and implementing project forecasting procedures ;

2) eng i neering and drafting-services , comprising des ign analysis and the preparation of equip-

ment specifications , des ign drawings, and engineer ing information for the Environmental Report

(ER), and the Prel iminary and Final Safety Analysis Reports (PSAR and FSAR)*; 3) inspection and

testing for mechanical integrity prior to start-up; and 4) procurement of equipment and materials

for the plant and site facilities, comprising solicit ing bids , purchas ing equ ipment and mater i al ,
inspecting, im plementing quality assurance procedures, exped iting, and sh ipping equipment to

the jobsite .

3.8.1.4 Owner ’s Cos ts

Owner ’s costs incl ude all costs incurred by the owner within his own organization in

connection with the facility construction. These costs normally do not form part of the A-E or

contractor scope of work. The various owner ’s cost components are given in Table 3.8.1.

Owne r ’ s cos ts are estimated as a percentage of the tota l facility construction cost , ranging

from 20% to 45%.

*The ER , PSAR and FSAR are licensing requirements.
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TABLE 3.8.1. Components of Owner ’s Cos t

Approximate Percent
Componen t of Total Owner ’s Cost

Land acquisition 6

Spare equipment 2

Permits and licenses 4

Interest during construction 60

Start-up 3

Initial inventories 3

Owner ’ s staff 8

Ins urance 4
Other 10

100

3.8.1.5 Costs Not Included

Exclus ions from the capital cost estimate are generall y limi ted to the followi ng cost

classifications:

• escala tion of costs beyond mid-1976 dollars

• process and patent royalties

• gene ral research and development costs

• costs incurred beyond those that reflect the current degree of involvement in securing

approvals from regulatory agencies monitoring environmenta l and safety considerations

• costs genera ted directly by any governing or regulatory agency for administration ,

eng i neering, procurement and construction

• sales /use tax

• njclear hazards insurance that may be required if nuclear hazards exist on site before

complet ion of project

• housing for construction workers .

3.8.2 Bases for Operating Cost Estimates

Operating costs include labor , process materials , utilities , maintenance, overhead , and
other miscellaneous i tems identified with the labor force or with production. The number of
man- hours , the quant i t ies of mater i als , and the requirements for utilities have been derived in
each case from the facility descriptions . Allowances for maintenanc e, overhead , and miscella-

neous costs have been derived as factors either of capita~ cost or direct labor costs .

3.8.2.1 Di rect Labor Costs

Table 3.8.2 shows the costs for direct labor by job classification. This information is

used as a basis for operating cost estimates in~thls study .
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TABLE 3.8.2 Salary Schedule for Direct Labor Personnel~~~ (1976)

Operat ions Salaries , $/yr
Operations supervisor 25,400

Shift supervisor 20,500

Senior control room or chief operator 16 ,200

Process or power operator 15 ,000

Equipment cperator 14 ,600

Equipment attendant 14,200

~-1a i ntenance

Maintenance supervisor 27,30(

Foreman 18 ,700

Cra ftsma n 15 ,800

Helpers 13 ,500

These costs are based on 1 976 labor costs at Hanford , Wash ington; Washington labor costs are

similar to those in the eastern Midwest. Labor costs per man-hour were based on 2000 man-

hours per man-year .

Personnel requirements shown in the individual facility descriptions in this report are

expressed only in terms of operators , maintenance personnel , and radiat ion monitors . For

facilities requiring a labor force greater than 15-20 persons, direct labor cost estimates

were made by allocating personnel to the above categories. For smaller facilities , operators

were defined as process or power operators and maintenance personnel as maintenance craftsmen .

Ra diation monitors were defined as having the same pay scale as equipment operators .

For those facilities in which maintenance must be performed remotely, an additional allow-

ance was made for maintenance labor. Experience at Hanford has been that maintenance labor

costs are 2-20 times as much for remote maintenance as for contact maintenance. For this study,

ma intenance labor costs for remotely maintained facilities were increased by a factor of 5 over

con tact maintenance costs.

3.8.2.2 Process Materials Costs

Costs for process materials are based on current (1976-77) price quotations for the

Hanford operations. Prices quoted include appropriate discounts when bulk quantities are

indicated . Prices for consumable hardware (e.g., canisters and storage baskets ) were developed
by the architect-engineer who prepared the capital cost estimates.

3.8.2.3 Utilities Costs

Cost estimates for utilities are based on the unit costs shown in Table 3.8.3. Cost

estimates for facilities within a primary reference plant (i .e., spent fuel storage facility ,

fuel reprocessing plant , or mixed oxide fuel fabrication plant) onl y include costs for resources
actu ail y used in processing. ~1orma l lighting and heating are assumed to be included in the

primary plant ’ s facilities.
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TABLE 3.8.3. Ut il it~ Cos ts (2)

Resou rce Cost

Elect ricity $0.02/kwh

Natural gas $5.3/ lOU m3 ($1. 50/ b OO ft 3 )
Process steam $3.30/lOOf) kg ($1.50/lOGO lb)

Fuel oil SO .lO /. ($0.40/gal)

3.8.2.4 Maintenance Materials Costs

Maintenance costs for an operating plant are calculated as annual percentages of the

initial capital investment. These percentages vary from 2t-5~ per year , depending on the

amount of equionent and the complexity of operations J3~ Table 3.8.4 ill ustrates the general

criteria used .

TABLE 3.8.4. Basis f~ r Determining Cost of Maintenance Materials

Annual Percentage of In itial
Ma intenance Operation Capital Investment

‘~orma l storage operations 2%

Norma l processing operationc 3%

Complex processing operation c
with contact maintenance

Complex operati ons wi th 5~.remote ma intenance

3 .8.2.5 9ve~ head Costs

Overhead costs are defined to include:

• sala ries of e�ecutives , managers , sup2 rvisors not directly involved in operations , secre-

taries and clerical personnel , grounds and building support personnel , guards and technical
s t a f f

• employee benefi ts; c~ fice supplies ; medical , enginee ring, ernploy—ent and other services

• miscellaneous costs not directl y related to production

• cc~ t of -rath taining offices and buildings.

The first three i tems were estimated as 1lO ~ of direct labor costs ; the last item was estimated

as 6O~ of m~ intenance materiaisJ4~

3.8.2.6 Miscellaneous Costs

Mi scellaneous costs mainly comprise miscellaneous supplies and equipment , ou tside support
serv ices, and any direct costs not otherwise categorized . These costs were estimated at 0.3%

per year of initial cap ita l expenditures .~~~ Unusual items of significant expense fallin g in
this category were costed separately and added to the estimate.
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3.8.3 Working Cap ital

Working capital is defined as the cash required to operate a facility, i.e., the difference

between current assets and current liabilities. Th is cash is treated as an outflow of funds
during the first year .~f plant operation and as an inflow during the last year of operation .
For this report, working capital requirements are estimated at SOt of the first year ’ s operating
cost.

3.8.4 Decommissioning Costs

The cost of waste management is defined in this report to include the cost of facility

decommissioning. Decommissioning costs for the reference primary facilities--the nuclea r power
plant, the spent fuel storage facility, the mixed oxide fuel fabrication plant , and the ~ue1
reprocessin g plant , including their respective waste management facilities--are developed and

shown in Section 8 of this study. The costs to decommissi on all other facilities not included
in decommissioning the primary facilities were estimated at 10% of their capital costs and

are incorporated in the levelized unit cost calculati ons for these waste management facilities .

Based on the ratio of decommissioning costs to facility capital for the primary facilities (see

Section 8.0), the 10% cost al~ o~~ ice probably overestimates the decommissionin g charges. Th~
net effect of the decommissioning charges on levelized unit costs is small , howeve r , beca u se o~
the cost-of-money discounting effects due to the time periods that elapse before the costs are

incurred .

3.8.5 Bases for Levelized Unit Cost Estimates

As the name implies , levelized unit cost estimates are capital and operating charges

translated into equivalent , constant (or level ) annual unit costs . The unit cost is sufficient

to pay any interest charges on debt; pay al’ ooerating expenses , taxes and insurance; earn a

specified return on outstandi ng capital ; a nd , ~ver the life of the project, recover the capital

investment. For this study a computer program named UNICOST was used to perform these

calculations.

Since the calculated unit costs are a func~~on of taxes and returns on equity and debt ,

It is ~moortant to define the assumed ownership of the facilities. Table 3.8.5 gives the

relevant ownership information .

The following throughput assumption was made for processin g facilities : The facility in

questi on opera tes at 33% and 67t of norma l capacity in the f irst two years , respectively, and

lOOt of norma l ca paci ty  tCereaf ter .  (In general , normal capacity is equivalent to 300 days

per year operati on at desi gn capacity. )
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TABLE 3.8.5. Assumed Ownership of Reference Fuel Cycle and
Waste Management Fac ilities

Faci lit y 
_________ 

Ownershi p
Nuclear power plant Public utility
Spent fuel storage bas in Large pr ivate company or
and related facilities , including federal government
spent fuel packaging facili ty

Fuel reprocessing plant and Large private company
rela ted waste management facilities

Mixed oxide fuel fabrication plant and Large private company
related waste management facilities
Centralized interim waste Federal government
s’orage facilities
Transportation equi pment Large private company
Federal repository Federal government
(geologic isolation)
Centralized pluton ium oxide storage facility Federal government

3.8.5.1 Levelized Cost Equations

The levelized cost equations for this report are based on the following relationshi p:

the sum of pres ent-worth revenue equals the sum of present worth expenditures , where expenditures

include both capital and operating charges and the discount rate is the cost of cap ital. This

re ’ationship is expressed in the equation:

~~
pwfn (re venue)n = ~~pwf~ (expenditur es)n ( 1)

W here :

PWf n pre sent worth factor in year n.

Sat isfy ing this relat ionship means that the investment has been recovered and a specif ied
return ha s been realized on the unrecovered investment over the indicated time period .

In “~is study , Equation 1 is the basis of two other equations , which take into account the
weighted cost of equity and debt financing, state income and revenue taxes , property taxes and

insurance , investment credits and federal surtaxes . These equations are used to determine a

level ized unit capita l charje (Equation 2) and a levelized unit operating charge (Equation 3)

so that the relative contribution of the two types of charges to the total un it cost can be

determined . These equa tions are:

LC ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(l-T)] (2)

Capitol  n
I ~~pwf~ (UNITS ) n] (1-1)

and

~~pwf (GE) 3
Opera ting - n -

~~P~~n 
(UNIT S)~
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where

LC = Level i zed unit cost

P~
t
~
’n = Present worth factor in year n using the cost of capital as the discount rate

Cn = Capital expenditure in year n

WCn = Working capital in year n

OEn = Operating expenses in year n
DEPNn = Depreciation in year n

UNITS n 
= Units produced in year n

IC~ = Investment credit in year n
TXI;1S = Annua l property tax and insurance (obtained as a percent of capital)

I = Weighted average federal and state income tax rates
= FITR + SITR (l-FITR)

where

FITR = Federal income tax rate
SITR = State income tax rate

3.8.5.2 Cost-of—Money Estimates

Cost-of—money estimates involve a number of assumptions , and a large uncerta inty is
i nherent . Th i s study employs an est imated , constant-dollar weighted cost of equity and debt
to represent the cost of money . The estimated cost of equity capita l and the estimated cost

of debt capital are discussed separately, then combined as a single weighted average .

The cost of money can be considered to comprise three parts : 1) a riskiess rate of

return , 2) an inflation premium , and 3) a risk premium. The sum of these three components

represents the “current-dollar ,” or inflated , cost of money. Both equity and debt costs include

these components , although the magnitude of the components and totals will be d~fferent.

Rates of return on equity and interest rates on borrowed capital (debt), based on published

data , represent average current—dollar rates. To apply these data in a “constant-dollar ”

anal ysis, such as that developed here , a reduction for inflat ion effects must be considered .

An increase in the risk premium for investments in radioactive waste management facilities is

also appropriate .

Because of the h i gh rates of inflat ion in recent years there has been a growing concern

for the impact of inflation on reported profits and interest rates. The Financial Accounting

Standards Board has been conducting field trials of accounting methods that use deflators to

exp ress financial data on a constant—dollar basis. The results indicate that net incomes for

most companies are overstated - some by as much as 60 -70 (6) It is apparent that current pro-

fits and interest rates are significantly overstated in real- or constant-dollar terms because

of the effects of inflation. This was also true to a lesser extent even during the l950s and

ea rly i96Us , a period of relatively low inflation. In spite of the current situation , there

is no simple or uniforml y accepted method of correcting interest rates to account for inflation

effects. (7)
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At the present time investments in the waste management area of the nuclear fuel cycle

industry can be viewed as relatively high-risk ventures. Some of tt~ factors contributing to

the high risk include uncertainty regarding :

• the fuel cycle concepts that will prevail over the long term

• future government regulations controlling radioactive waste management functions

• public acceptance of specific waste management technologies.

If the industry develops as projected here, these uncerta inties and the associated risk premium

can be expected to decline as the industry matures.

An adjustment for inflation would reduce both the return on equity and the interest rates

on debt for a constant-dollar analysis , while the addit ion of a larger risk premium would increase

the rates . Rather than attempting to define and justif y specific inflation and risk factors , this
analysis assumes that the risk premium is equal to the current inflation premium , and curren t

average cost-of-money rates are used . This assumption represents a relatively hi gh risk
prem ium and probably errs by overstating costs over the long period. The uncertainty in this

assumpt ion is recognized by considering a range of cost-of-money rates in evaluating overall

unit cost uncertainties .

Cost of Equity Capital. Financial data on six large private companies wi th interests in

the nuclear fuel cycle was used for estimating the required cost of equ ity and debt capital

for facilities that would be privately owned. Because of the size of the capital investment
and the expertise required , these companies are believed to be representative of those that
mi ght invest in nuclear waste management operations. Furthermore , since these companies are

already engaged in nuclear activities, the overall risk and , hence, rate of return require-

men ts perceived by i nvestors , will probably not greatly change if the company makes investments

in the nuclear waste management area . For these reasons , the rates of return on equity , the

cost of deb t and the capital structures of these companies are assumed to provide the appro-

priate basis for the private industry cost-of-money estimates . Return on equity data for

these companies is shown in Tabl e 3.8.6 for the period 1970-76. The average cost of equity

capital for investments was 12% over this 7-yr period . A reference was adopted of 12% ± 5%,
or a range of 7%-l7%.

TABLE 3.8.6. Returns on Equity from 1970 to 1976 for Six Large companies (8)

Return on Equity , %
Company 

— 
1970 1971 1972 1973 1974 1975 1976

Allied Chemical 6 7 8 10 15 11 10
Exxon 12 13 13 18 20 15 14
General Electric 13 17 17 17 16 17 18
Gulf 11 11 9 15 18 11 12
Union Carbide 9 9 fl 14 21 14 14
Westinghouse 9 10 10 8 1 8 10

Average 10 11 11 14 15 13 13
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A similar ana lysis is used to estimate the required cost of equity for an electric utility .
The data in Table 3.8.7 show the average return on equity from 1970-76 for 6 public utilities

in different parts of the U.S. The aver age return on equity assumed was about 10% ± 3%, or a
range of 7%— 1 3%.

TABLE 3.8.7. Returns on Equity from 1970 to 1 976 for Six Electric Uti lities ~~’

Return on Equity , %
Utility 1970 1971 1972 1 973 1974 1975 1976

Commonwealth Edison 11 10 11 11 9 9 10
Consolidated Edison 6 9 6 8 7 9 10
Duquesne Light 11 11 10 10 10 11 9
Flor ida Power 11 13 11 11 10 11 8

Northern States Power 10 10 10 10 9 11 11
San Diego Gas & Electric 10 10 9 8 10 6 10

Average 10 11 10 10 9 10 10

Cost of Borrowed Cap ita l. Data on cost of debt capital for the same six privat e conpanies

is shown in Table 3.8.8 . The weighted -average cost of debt for these companies is 6.6,~. How-
ever , the weighted cost of debt capita l shown includes a significant number of debt issues at

rates of 37,-4/~. These lower-rate issues were undoubtedly made a number of years in the past.

The average interest rate for the more recent issues has been about 8.5t . Since the compan ies

anal yzed will gradually incur new debt obligations to replace those that mature , the long-term

cost of debt is estimated to be 8% ± 3%, or a range of 5%-ll%.

TABLE 3.8.8. Cost of Debt for Six Large companies (8)

1976 Weighted -Average Recent Debt Issues
Company Cost of Debt, % Y~ir Interest Rate ,

Allied Chemical 7.2 1975 9.0
Exxon 5.8 1968 6.5
Genera l Elec tric 6.9 1 974 8.5

Gulf 7.3 1970 8.5

Wes tinghouse 6.4 1970 8.625

Union Carbide 5.8 1975 8.5
Average 6.6 8.5

The weighted cost of debt capital for the six electric utilities is about 70, as show n i n
Table 3.8.9. Most of the capital for these facilities is in more recent issues at the higher

interest rates; hence , these rates are more indicative of the present cost of bonds . For this

study, public utilities are assumed to have a cost of debt capita l of 90 ± 2%, or a range of
7% - 1l~.
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TABLE 3.8.9. Cost ~f Debt for Six Electrjc Utilities with
Nuclea r Generating capacity (9)

1976 We i ghted-Average Recent Debt Issues
Utility - Cost of Debt , ~4 Year Interest Ra te, %

Commonweal th Edison 7.1 1976 9.0

Consol ida ted Ed i so n 6.0 1975 9.5

Duquesne L i ght 7 .1 1977 8.4

Flor ida Power 7.8 1975 9.4

Northern Sta tes Power 6.8 1975 9.5

San Diego Gas & Electric 7.6 1976 10.0

Average 7.1 9.3

Equ ity-Debt Ratios. The last i tem needed , for the weighted cost-of-money estimates is the

ratio of either debt or equity to total capital. Tables 3.8.10 and 3.8.11 show debt ratios for

1976 for the reference companies and util ities . For the private companies an equity-debt

proportion of 750-250 appears to be a reasonable average . For public utilities , a propor ti on
of 50% debt and 50% equity appears reasonable.

TABLE 3.8.10. Debt Ratios for Six Large Companies (8)

Debt Ratios
1970 1971 1972 1973 1974 1975 1976

A l l ied Chemical 0.34 O. i6 0 .34 0. 32 0.30 0.37 --
Un ion Ca rbide 0.34 0.33 0.32 0.31 0.26 0.32 0.27
Exxon 0.18 0.19 0.18 0.16 0.16 0.16 --
Gulf 0.24 0.28 0.26 0.22 0.19 0.17 0.16

Westinghouse 0.22 0.29 0.27 0.25 0.25 0.30 0.23

General Electric 0.22 0.22 0.23 0.21 0.24 0.20 0.19

Average 0.27 0.28 0.27 0.25 0.23 0.25 0.21

TABLE 3.8.11 . Debt Rat ios for Six Electric Uti litie s~
9
~

Util ity Debt Ratios
1970 1971 1972 1973 1974 1975 1976

Florida Power 56 58 54 54 58 57 55

San Diego Gas & Electric 52 53 53 48 50 52 51

Duquesne L i ght 57 58 56 55 54 54 53
Nor thern States Power 48 50 50 51 53 52 50

Commonwea l th Edison 55 53 49 50 47 51 52

Consolidated Ed ison 53 52 51 52 51 50 46

Average 54 54 52 52 52 53 51
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Cost of Money for Government-Owned Facilities. The cost of money that may be used in
establ ishing unit charges for federally-owned facilities will be determined administratively.

It is assumed that services for any such facilities would be priced in a manner similar to that
used for establishing uranium enrichment charges at the government-owned gaseous diffusion plants .
These charges are currentl y (early 1978) based on full cost recovery and a 6.50 cost-of-money

ra te der i ved from the rate of interes t on U.S. government securities . A 7% cos t of money is

assumed i n th i s anal ys i s , but in recognition of the uncertainty a range of 0%-l0% is eva l uated.

Wei ghted Costs of Money. Table 3.8.12 summarizes the estimated costs of equity and debt
capita l and the debt-to-capital ratios for private industry , utility, and government ownership

of waste management facilities. The table also gives the after-tax , wei ghted costs of cap ital

for these three types of ownership. The wei ghted costs were calculated using the equation :

Cost of ca pital = ie ( l_ b)  + i b
(b)( l - T) (4)

where

= Real rate of return on equity capital including risk premi um

‘b 
= Real rate on debt capital including risk premium

b = Fraction of total capital derived from bonds (debt)

T = Weighted average tax rate for state and federal income taxes of 51 .4%. (The assumed
federal tax rate is 48%; the assumed state tax rate is 6.50.

The debt segment of this equation is adjusted to reflect the tax credit realized on the bond

interest. (Bond interest is not taxable; this , in effec t, reduces the cost of capital .)

TABLE 3.8.12. Wei ghted Cost of Money Estimates for Private , Util ity , and
Government Ownershi p of Waste Management Facil ities

Cost of Cost of Debt-to- Weighted Cost
Equ ity Capital , Debt Capital , Capital Ratio, of Money,

Ownership % % % 
____________

Private industry 12 ± 5 8 ± 3 25 10 4
Elec tr i c ut i li ty 10 ± 3 9 ± 2 50 7 ± 2
Federal 7 + 3  -- -- 7 + 3
government — 7 - 7

3.8.5.3 Financial Parameters in Levelized Cost Equations

Table 3.8.1 3 summarizes all of the pa-rameters used in the leve lized cost equations.

State income and property tax rates were derived using average values from the set of all

s tates lev yin g t hese taxes .~~
1
~~

3.8.5.4 E ffec t of Econom i c L i fe on Fixed Charges

One of the varia tl es affecting the calculated levelized unit cost is the economic life of

the capita l facility, The portion of the leve lized unit cost necessary to recover capita l

and interest is called the fixed or capita l charge; the ratio of total annua l capita l charges

to capita l investment is the fixed charge ra te . In general fi xed charge ra tes , and consequently
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the level ized unit charge, are reduced as the economic life is increased. However, a point is
reached where increasing economic life has little effect on reducing the fi xed charge rate.

TABLE 3.8.13. Reference Financial Parameters used for Deriving
Levelized Unit Costs

Ownership
Financial Parameters ~~‘T’ictric Utility Large Private Company Government

Method of deprec i ation
for tax calculation Sum of years dig its Sum of years di gits --
Federal i ncome tax rate 0.48 0.48 --
State income tax rate 0.065 0.065 --
Tnvestment credit rate 0.07 0.07 —-
Property tax , insurance
and contingencies 0.07 0.07 --

Equity rate of return 0.10 ± 0.03 0.12 ± 0.05 0.07 
~Bond interest rate 0.075 ± 0.02 0.08 ± 0.03 --

Rat io of debt to total
capital 0.50 0.25 --
Wei ghted cost of money 0.07 ± 0.02 0.10 ± 0.04 0.07 

~

The net effect of economic life on fixed charges for private and government ownersh ip is

illustrated in Figures 3.8.1 and 3.8.2, respectively . Both figures show the fixed charge rates

as functions of plant life for three different costs of capital. The required annual fixed

charge rates drop very sharply over the first ten years and then begin to level off. For
either private or federal ownership, the fixed charge rates decline very slowly after 15 or 20

years. However , fi xed charge rates for government ownership are somewhat more sensitive to

economic li fe. The rates differ between private and federal ownershi p for the same cost of
cap ital due to the effect of taxes. At hi gher costs of capital , ~ relat ively constant charge

rate is reached at a shorter plant life . For this study, most un it costs are based on a 15-
year economic plant life. The text notes when plan t lives other than 15 years are used , as in
some of the storage facilities. The overall net effect of plant life on unit costs is further

diluted by the contribution of operating charges to the tota l unit cost.

Many of the process facilities considered in this analysis could be expected to remain

in service longer than 15 years. In fact , a service life of 30 years is assumed for most
fac ilities . However , pr iva te industry does not generally consider a planning period for

recovery of investments tha t is longer than 15 years. Basing the cost calculations on a

15-year l ife is consistent with private industry practices , and as discussed above , th i s
shorter economic life does not significantly affect the unit cost. Furthermore , ma intenance

and equipment replacement requirements tend to increase with facility age and this would tend

to counterbalance the fixed charge reduction. Although It is not anticipated , the entire

facility could be replaced after 15 years with no increase in unit costs (in constant dollars )
beyond those estimated here.
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3.8.6 Uncertainty Ranges for Cost Calculations

Uncertainties in the levelized unit cost estimate include contributions from three com-
ponents: 1) capital costs , 2) opera ting costs , and 3) the cost of money ; uncertainty ranges
have been developed for each of these three components . The range for capital costs reflects

uncertainties in the definition of the engineering scope required to provide a fully-functional
plant based on the technology described, as well as uncerta inties in the pricing and quantities

for labo r , ma terials , and equipmen t. A contingency covering these and similar factors has been

included in the base cap ital cost estimate . With the contingency incl ud ed , there is an approxi-

matel y equal l ikelihood of an overrun or underrun of the indicated cost. The uncertainty for

cap ital costs ranges from about ~20% to ±45%, depending on the facility and equipment , with a

median uncertainty of about ~30%. For most facilities, uncertainty in the operating costs is

estimated to range from +50% to -250. In those few cases where a single cost component far

exceeds all other ’ operating costs (e.g., the cost of stainless steel canisters and basket ; for

packaged spent fuel water basin storage), more consideration was given to tha’ cost component;

in such cases the uncertainties may be smaller (e.g., :25%). Because of the capital-intensive

nature of the industry , the capital charge uncertainty generally overshadows the ope ’ati rg cost

uncertaint y for most of the facilities evaluated . Cost of money uncertainty ranges were identi-

fied in Table 3.8.12.

It was highly unlikely that the maximum uncertainty for all three components would ever

coincide in either the plus or minus direction. Thus , it would be inappropriate to define the

tota l unit cost uncertainty as the sum of the component uncertainties . Instead , the most prob-

able range of uncertainty was approximated by first identif y ing the component with the largest

absolute uncertainty ; this was usuall y the capita l cost. Then , 500 of the absolute uncertainty

con tr i buted by each of the remaining two components was added. A statistica l analysis of severa l

exam p le un i t cost calculat i ons , assuming a norma l random distribution of uncertainty around the

three variables , i ndicates that the results approximate a 95+% confidence-level total uncertainty

in the levelized unit cost. The following example shows how the uncertainty ranges were developed :

The levelized costs for the high-level waste calcination facility were calculated to he:

Level ized capital charge = $ 8.20/kg
Level i zed operating charge = $ 2.90/kg
Total level ized cost = $11.10/kg

The uncertainty ranges for each of the three cost components expressed in terms

of S/kg, were :

Capi tal cost uncertainty = ±$ 2.50/kg

Operating cost uncertainty * = ±$ 0.70/kg
+$ 2 10/kg

Cost of money uncertainty = -$ 1:60/kg

Since the capital cost uncertainty was greatest, the total uncertainty was

calculated as follows :

* In this example , canister costs are the contr~llin g operating cost uncertainty .

4’
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Posit ive uncertainty = 2.50 + 0.50 (.70) + 0.50 (2.10) +$3.90/kg

Nega tive uncertainty = -2.50 + 0.50 (.70 ) + 0.50 (-1.60) = -$3.65/kg

ihe positive and negative uncertainties were then expressed as percentages and rounded

to the nearest So:

Positive uncertainty = _____ =

Negative uncer tainty = 

~~ ~ = -~‘~
In this examp le , as in most cases , the uncertainty range on capital cost domina tes , although the

cost of money also has a substant ial effect on the overall uncertainty .
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3. BASIS FOR SAFEGUARDS AND PHYSICAL PROTECTION REQUIREMENTS

Safeguards , including physical protection , are measures employed to prevent the theft or
diversion of special nuclear material , to prevent the willful release of radioactive material

ano to prevent the sabotage of nuclear facil ities. Facilities specifical l y designed for man-

agement of TR L wastes , including spent fue l and other hi ghly radioactive nuclear wastes from

the commercial nuclear power cycle , have yet to be licensed. However , implementation of the

regul ations already in place to protect the public from theft of nuclear material and from sabo-

tage at licensed nuclear facilities serves also to protect the public durin g TRU and other radio-

active waste management operations at these facilities. New facilities dedicated to waste

management operations will also be subject to the regulations as well as any special condi-

tions established in the licensing process.

Tr,e’t of TRU wastes containing the ~issi le material in strateg ic quantities is of greater

concern than sabotage since the moti’e for theft could be to threaten the public with dispersal

of the materials or with the assembly and explosion of a nuclear device . The consequences of

sabotage , on the other hand , would be confined mainly to the environs of industrial sites dedi-

cated to nuclear activity.

3.9.1 The Threat

The Department of Energy (DOE) and the ~uclear Regulatory Commission (NRC ) systematically

collect and ana i jze information cnaracterizing the perceived threat of nuclear theft and

sabo tage. Summaries of the threat are available in publications i’,-~SH-l535,~
’
’
~ :~uREG-O11 6,~

2
~

~UREG-0095,~
3
~ and the Code of Federal Regulations Title 10 , Part 73~(4) A threat definition

proposed by the ;~RC as one of the bases for general performance requirements for a physical

protection system was accepted in developing the conclusions reached in this report. The threat

is defined as:~~~

(1) — A determined violent external assault , attack by stealth , or deceptive

actions , by a small group with the following attributes , assistance and equip-

ment: (i) well—tra ined (including military training and skills) and dedicated

individuals , (i i ) inside assistance which may include a knowledgeable individ-

ual wno attempts to participate in both a passive role (e.g. , provide informa-

tion ) and an active role (e.g., facilita te entrance and exit , disable alarms

and communications , participate in violent attack), (iii) suitable weapons , up

to and including hand-held automatic weapons , equipped with silencers and

fla ying effective long range accuracy, (iv) hand-carried equipment , including

incapacitating agents arid exp’osives for use as tools of entry or otherwise
ie troy ing the plant or transport integrity, and (v) the ability to operate

as two or more teams , (2) An insider , including an employee (in any position),

and (3) A conspiracy of insiders or employees in any position .
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The motives of an adversary for a postulated nuclear waste inc ident are a matter of specu-

lation . They night incluae revenge , bl~ z~ ~il , extortion , ransom , publicity, or mass

destruction . They may be highly irrational. For further discussi on of the threat , reacerc

snould see References 1 and 2 and the bibliographies given in those references.

3.9.2 Targets and Their Characteristics

The possible targets for theft or sabotage in the waste management systems of the li ght

.ia t~r reactor fuel cycle are assumed to be the p lutonium and fission products in nuclear

~~s~es in processes , in storage , and in transport . The likelihood of an attempt to steal

wastes containing special nuclear material or hi ghl y radioactive material or to sabotage a
facilit y will be a~ fccted significantly by two characteristics of the targets: the attractive-

ness and the ac :essibility of the wastes.

‘wa key elemen tc of the attractiveness of wastes are its composition and form. Adversaries

are attractea to the pluton i um and fission products contained in the wastes. Plutonium is

very dilute in most wactes and in some is accompanied by large quantities of radioactive fission

products. However , some relativel y pure plutonium compounds are stored as waste. These

would be very ri gorou~ l y safeguarded to prevent diversion of sufficient material for an explo-

sive device. To isolate the plutonium from other wastes would require chemical processing that

would be prohibitivel y expensive and time consuming for the adversary . In mos t cases , processing

mig ht involve the risk to adversaries of exposure to high levels of radiation from large amounts

of accompany ing fission products . If theft of plutonium for assembl y of a weanon were the objec-

tive , separation of plutonium would be required for 1) spent fuel , containing up to 2; plu-

tonium and 30 fission products , 2) h igh-level waste , containing nearly all the fission products

of the process feed v~. th more tnan 99% of the pl utonium removed (in the case of uranium-only

recycle , however , the hi gh-level waste may contain all of the plutonium), an d 3) waste wi th
intermediate to extremely small amounts of fission pio’dDcts and small amounts of plutonium .

Toe form of waste is another element of its attractiveness; namely, is it readily or

easily dispersible over large land a reas or into waterways and is it in a form that is a

health hazard to the public. Wastes that are highly radioactive but contain too little

strategic material for eventua l assembly of weapons may be in a form for possible dispersal

into the environment and may be potential threats . Similarly, wastes containing plutonium in

quantities tnat may be a threa t to health if dispersed may also be attractive to an adversary .

Although the actual health threa t may be acceptabl y small in the case of small amounts

of radioactive materials , they must be safeguarded because the psychological impact on the
public may be significant were they to be dispersed .

An a dve rsary ’s desire to sabotage or disperse TRU and other wastes is diminished because

such acts would not , be spectacular compared to an explosion and because the effects of radiation

wou ld usuall y not pose an immediate threat. The results of exposure would be evident among the

public only after many years.
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The second key feature affecting safeguaro requirements for nuclear wastes is accessibil-

ity. Factors affecting accessibility include: 1) quantity available at a given location , 2)
the de’~ree of isolation ~ the loca tion , 3) the complexity of the devices r,ecessary for han-

dling the material (e.g. whether they are operated manuall y or autom atic allj and whether special

~‘i~w 1e dge or skills are required), and 4) the special health and safety measures required in

handling the ‘aterial.

The probability that hazards to the public will be caused by incident s resulting from

theft of waste materials or sabotage of waste handling facilities is expected to be extremely

lcw because of low attractiveness , low accessibility, and/or a highly effective safegua rds sys-

tem. These three elements can be related to the factors in the following equation which

i ientifies the risk to society.

Ris k to Society = Frequency x Success Rate x Consequences

This relationship indicates that the frequency of attempts , rela ted in par t to the attrac ti veness
of toe materials; a probable success rate, related in part to the availability of the material;

and consequences , meas u red by ef fects on the publ i c and the environmen t , all contribute to the

r~sk to society. If one or more of these elements is small, the risk to society is also small.

Realistic frequency and success probabilities are often difficult to develop. They depen~l ~~~
the adversary ’ s motivation , skill , and financial resources as well as the attractiveness and

availability of material. A reliable consequence factor is generally more readily determined.

Howeve r , sa feguards measures for the waste are expected to reduce the probabil ities of f~equer

an d success to very small values and the subsequent risk to society to acceptable levels. Sa’~=-
guards will also significantly reduce the consequence factor by including emergency contingenc .

plans to minimize the effects of threats on the public, either real or perceived.

Because it is often covered by safegua rds activities established for other materials or

because it is not itself an available or attractive target , commercial nuclear powe r cycle

wastes , with the exception of plutonium oxide disc ards , seem less of a threat for theft and

sabotage tnan other materials in the LWR fuel cycle. The overall unattractiveness and limited

availability o~ most forms o nuclear waste has led some investigators to dismiss the risk of

sabotage and theft. (6)

3.9.3 Physical Protection and Safeguards Contingency Pla n s

Physical protection requirements for plants and materials are specified in the Code of

Federal Regula ’ions. The principa l features of these requirements include protection forces

(gua rds), phys ical and procedural access controls , detection aids , communication syster s , ar,d
plans for emergencies. (4) Equipment iter ~s, systen~ , Jevices , or materials whose failure ,

destruction , or release could directly or indirectly endanger the public health and safety

by expos~ ro to radiation are considered “vita l , and such equi pment is subject to specific
pr ’,tectiOn measures. The site—specific identification of vital equipment and material” is a

necessary part of the review of the physical protection plan submitted by an operating license

applicant. tr r tui n wastes would be classifi ed as vita l material and therefore would be located

a 
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in areas protected by two barriers which control access. Similarly, certa i n equ ip ment needed
for protecting wastes , such as cool ing equipment for tanks of high-level liquid waste (HLLW),

probably would be considered vital. Waste within the vital areas of fuel reprocessing plants
and nuclear power plants and in the vital areas of facilities licensed to use plutonium would

be subject to the same protection against sabotage and theft afforded vital equipment and

material. Plutonium in transit is also covered by provisions in 10 CFR 73, and further guide-

l ines for physical protection in shipping strateg ic nuclear materials are available in severa l

regulatory guides .(94
~
04 l

~~ Irradiated fuel elements in transit are exempt from these require-

ments, provided they give a dose rate in excess of 100 rem/hr at 0.9 m wi thout shielding . (4)

Reconimendations for protecting wastes at power plants against industrial sabotage are specified

in Regulatory Guide 1.17 (12) and ANSI Nl 8.l7-1973.~~~ Some waste that is not vital material

or i s not locate d i n a vital a rea of a facil i ty may not come speci fi call y unde r the prov i s i ons
specified in the current regulations . However , licensees of nuclear power reactors and those

l icensed to possess strategic amounts of plutonium , IJ-2 33 or U-235 , must have and be capable

of imp l ementing plans for responding specifically to threats , thefts and attempts at industrial

sabotage of l icensed nuclear materials and facilities. (14,15)

Fu rther guidance from the NRC for physical protection and safeguarding of nuclear materials

is available in various regulatory guides. 6—21 )

Other safety and environmenta l control features at nuclear reactors and plants licensed

to have significant quantities of strategic nuclear materials also contribute significantly

to safeguarding this material. Examples are :

• shielding of HLLW tanks

• tornado , earthquake, and flood protec ti on of pluto ni um process i ng pla nt s

• shielding (walls up to 2 m thick) for nuclear power plants and most nuclear reprocessing

plant areas

• monitored cells or fuel cycle operations equipment built to detect and cope with release

of radioactive materials

• plant fire and explosion protection

• shielding with 1 00—ton casks duri ng transit , which deters sabotage and miti gates its poten-

tial impact

• tight packing of irradiated fuel elements in shipp ing casks , making removal difficult

• securing containers to shipping vehicles

• requiring security at transportation terminals

• remote locations for waste storage.

Licensees are required to meet NRC ’ s license requirements for the above measures.
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3.9.4 Specific Facility Protective Measures

Appropriate safeguards and phys ical protection measures are described for each of the

waste treatment , transport , storage and disposal alternat ives in the subsequent sections of

this report. These measures are based upon consideration of the prospective threat , attractive-
ness , and accessibility of the waste and safeguards that are applicable for each type of waste
process and facility.
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3.10 FUEL CYCLE PROJECTIONS

An assessment of the potential requirements for manag ing spent fuel , hi gh-level and other
TRU wastes requires a nuclear power growth projection as a basis. This section describes

the nuclear power growth assumptions , the spent fuel quantities dischar ged , and the number

and schedule of primary fuel cycle facilities required , for the once-th roug h and the reprocess-

i ng fuel cycle cases described in Section 3.1. More detailed tables of the fuel cycle mass

f lows and in vento ry accumula ti ons for these cases as well as the deferred dec i s i on and dela yed
repository cases are presented in the waste management system analysis in Section 10.

A n assumption for the reference nuclear power growth projection is that nuclear generating

capacity, all li ght water reactors (LWR5), will reach 400 OWe in the year 2000. No additional

nuclea r power plants starting up after that year are considered. This is not intended to imply

that additional nuclear power capacity may not be commissioned after the year 2000. Rather ,

the intent is to develop a comprehensive assessment of the waste management commitment implied

by the projected year 2000 system operating throug h its useful life . All nuc l ear power plants

are assumed to operate for a 40-year lifetime , after which they are decommiss ioned. Thus , the

installed generating capacity for the system considered here is reduced to zero in the year

2040. The generating capacity growth projection to the year 2000 for this reference case is
slightly hi gher than current DOE max i mum es tim ates , but it corresponds generally to those

projections. (1,2)

The reference nuclear power growth projection , the the electr i c energy genera ted , and the
annual and cumulat ive total spent fuel discharges are shown in Table 3.10.1 Each nuclear power

plant is assumed to start up at 40% of capacity , i ncrease to 70% i n the four th year , operate at
70% for 22 years and then decline linearly until the plant shuts down at 400 of capacity in its

fortieth year. The resulting ave”age system cpacity factor is also shown in Table 3.10.1.

The system is composed of one-third BWRs and two-thirds PWRs and all plants are assumed to

attain the startup and equilibrium core fuel exposures shown in Table 3.3.2.

Waste management system analyses based on this reference nuclear power growth projection

are developed in Section 10 for all of the fuel cycle options described in Section 3.1. In

addition , for comparison , basic once-through cycle and uranium -plutonium recycle cases are
developed for a low-growth projection. This low-growth projection , shown in Tabl e 3.10.2 , is
based on DOE’ s cu rrent low- range estimate for nuclear power growth. (2)

The reference once-through cycle (Case 1), has a substantial requirement for unpackaged

spent fuel storage in conventional water basins to provide the required 6.5 year cooling prior

to packaging (encapsulation) for disposal . An estimated 75% of this requirement could be met

by the nuclear power plant basins. The storage requirements for Case 1 are shown in Table 3.10.3.

These storage inventories exclude the first 6-month inventory that is required at power plant

bas i ns for operational purposes no matter what path the post-fission fuel cycle takes . The compa-
tible storage requirements for the l ow-growth projection are shown in Table 3.10.4.
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TABLE 3.10.1. Reference Nuclear Power Growth Projections

Nuclear Average Electric Spent Fuel , MTHM
Capacity Capacity Energy Gen~r~ted Annual Cumulat ive

Yea r GWe (a) Factor ,%I,D) l0~ kWh~~) Discharges Discharg~~
1977 36.1 62.2 178 700 1 ,780

1 980 60.1 67.5 344 1 ,270 6,930

1985 127 65.9 682 2,480 16 ,300

1990 194 67.8 1 ,110 4,070 38,700

1 995 293 67.7 1 ,670 6,210 60,200

2000 400 67.9 2,320 8,740 98,600

2005 399 68.6 2,400 9.090 144,500

2010 395 66.6 2,310 9,240 190,000

2015 364 65.2 2,100 8,600 235,200

2020 340 60.7 1 ,820 7,720 275,500

2025 274 55.4 1 ,370 7,150 313 ,600

2030 206 49.4 923 5,310 343,000

2035 108 43.4 450 3,960 356,900

2040 0 30.4 27 1 ,530 379,400

a. At year end.
b. During the year.

TABLE 3.10.2. Low Nuclear Power Growth Projections

Nuclear Avera ge Electric Spent Fuel , MTHM
Capaç i~y Capacity Energy Generated Annual Cumulative

~~~ ~~~ Factor ,%(D) 
— 

l0~ kWh (b) Discharq~~ ~~~~~~~~

1977 36.1 62.2 178 700 1 ,780

1980 60.3 67.5 344 1 ,270 6,930

1985 100 66.9 560 2,060 15 ,300

1 990 157 67.1 875 3,260 28,800

1995 200 68.7 - 1 ,180 4,330 48,700

2000 255 68.0 1 ,490 5,700 74,200

2005 254 67.7 1 ,510 5,660 103,200

2010 250 65.3 1,440 5,910 132 ,100

2015 219 64.4 1 ,260 5,300 160,700

2020 195 59.4 1, 020 4,570 185,000
2025 155 54.2 760 3,950 206,600
2030 98 48.9 450 3,210 224,200
2035 55 43.8 230 1 ,830 234,900

2040 0 30.0 15 850 241 ,800

a. At year end.
b. During the year.
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TABLE 3.10.3. Spent Fuel Storage Requirements for the Reference
Once-Throug h Cycle

Unpackaged Spent Fuel Storage, MTHM
Year LWR Bas ins(a) ~~~~~~~~~~~~~~ Tot~
1980 6,300 0 6,300

1985 12 ,900 1,500 13 ,400

1990 15,700 5,200 20 ,900
1 995 22,000 7,300 29 ,300
2000 32,400 10,800 43,200

2005 40 ,700 13,600 54 ,300
2010 41 ,000 13 ,700 54,700

2015 40 ,900 13,600 54 ,500
2020 37,200 12 ,400 49,600

2025 34 ,700 11 ,600 46,300

2030 28,200 9,400 37 ,600

2035 21 ,700 7,200 28,900
2040 14,000 4,700 18,700
2045 2 ,000 700 2 ,700
2047 0 0 0

a. Not included in this inventory is the amount of spent
fuel representing the first 6-month storage.

TABLE 3.10 .4. Spent Fuel Storage Requirements for the Low
Growth Once-Throug h Cycle

Unpackaged Spent Fuel Storage , MTHM
Year LWR Basins (s) Independent Basins Total
1980 6,300 0 6,300
1985 12 ,300 1 ,300 13 ,600

1990 12 ,900 4,300 17,200
1995 16,900 5,600 22,500
2000 21,800 7,300 29 ,100
2005 25 ,900 8,600 34,500
2010 25 ,800 8,600 34,400

2015 26 ,000 8,700 34 ,700
2020 22 ,600 7,500 30,100
2025 19 ,900 6,600 26 ,500
2030 16 ,500 5,500 22 ,000
2035 11 ,100 3,700 14 ,800
2045 1,100 400 1,500
2047 0 0 0

a . Excludes the first 6-month storage in the power plant
basins .

,--

~ 

- -~~-- . -~~~~~~~~~~~~~-



3.10.4

Spent fuel storage requirements are substantially reduced for the reference spent-fuel
reprocessing cycles (Cases 2 and 3). Reprocessing is assumed to start in 1981 at the 1500

MTHM/yr, All ied General Nuclear Services (AGNS ) plant in Barnwell , SC. Subsequent fuel repro-

cess ing plants (FRP5) are assumed to be 2000 MTHM/yr FRPs as described in Section 3.2.

These are added to the system in 1985, 1993, 1998 and 2003. Two additional p lants are added
in 2012 and 2020 as replacements for earlier plants that were shut down after an assumed

30 year useful life . A reduced-capacity 2-year startup period was assumed for each plant

during the f ir s t and second year of operation when the plan ts operate at one-third and two-

thirds capacity , respectivel y. The spent fuel storage requirements , reprocess in g ra tes and
mixed oxide (MOX) fuel fabrication rates (Case 3 only) for the reference reprocessing cases
are shown in Tabl e 3.10.5. The comparable data for the low-growth projection are shown in

Table 3.10.6. With these early reprocessing dates , i ndependen t storage bas ins do not appear
to be needed. However , for deferred reprocessing (Case 4b) substantial independent storage

capacity is required . This is described in Section 10.

TABLE 3.10.5. Spent Fuel Storage Requirements , Reprocess ing and
MOX Fuel Fabr ication Rates for the Reference
Reprocessing Cases

Spent Fuel (a) Reprocessing MOX -Fuel Fabrication
Year Storage , MTHM ~~~~jflHMLy~ Rate MTHM/yr
1980 6,300 0 0

1985 8,400 2 ,170 400
1990 8,100 3,500 860

1995 12 ,100 5 ,500 1,460
2000 17 ,700 7,500 1,970
2005 21 ,900 9,500 2 ,580
2010 19 ,900 9,500 2,850
2015 21 ,400 8,000 2,830
2020 21 ,600 8,760 2 ,550
2025 17 ,000 8,000 2,240
2030 13 ,400 6,000 1 ,480
2035 12 ,900 4,000 470
2040 7,600 4,000 0
2044 0 355 0

a . Excludes the first 6-month storage in the power plant
basins.
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TABLE 3.10.6. Spent Fuel Storage Requirements , Reprocessing and
MOX Fuel Fabr ication Rates for the Low-Growth
Reprocess i ng Cases

Spent Fuel~ Reprocess i ng MOX-Fuel Fabr ication
Year Storage, MTHM a , ~~~~~~T~!MLy r Rate MTHM/yr

1980 6,300 0 0
1985 8,300 1 ,500 330
1990 7,700 3,500 840

1995 9,500 3,500 960
2000 12 ,900 5,500 1 ,510
2005 14 ,400 5,500 1,560
2010 13 ,700 6,830 1 ,990

2015 12 ,500 6,000 1,800

2020 15 ,200 4,000 1 ,280

2025 17 ,100 4 ,000 1,170
2030 19 ,100 3,330 690

2035 10,500 4 ,000 250

2040 1,920 2 ,000 0
2042 0 655 0

a. Excludes the first 6-month storage in the power plant
bas i ns .

REFERENCES FOR SECTION 3.10

1. USDOE s Energy Information Administration , Annu al Report to Congress, Volume II, “Projec-
tions of Energy Supply and Demand and Thei r Impacts ,” DOE report OOE/EIA-0036/2 , April ,
1978.

2. Letter from R. Gene Clark , Chiet , Nuclear Energy Analysis Division of DOE to Mel W. Shupe ,
DOE, Ri c h land Opera ti ons Of fice , July 12 , 1978 .
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APPENDIX 3A

POSTULATED ACCIDENT LIST AND UMBRELLA SOURCE TERM INDEX

This Appendix contains the title , accident number , and reference umbrella source term
identification for all postulated accidents for all waste management functions described in

this report. The methodology used to identify potential accidents , determi ne their severi ty
class ification , and select an appropriate umbrella source term~’for env ironmental consequence

analysis is presented in Section 3.7 - Basis for Accident Analysis. The environmental conse-

quences of the postulated accidents are presented in DOE/ET-O029.

The Appendix is divid ed into two lists . The first presents the number and title of all

postulated accidents. The number in the second column in this list corresponds to the umbrella

source term related to each accident . The worst case source term (see Section 3.7 for cri teria) A
for a group of related accidents ‘is designated as an umbrella source term.

The second list is a cross index of all accidents under each umbrella source term acci-
dent. These are grouped by accident severity classification.

Acc idents with potential to significantly increase radiation fields in an occupied or

potentially occupied zone are designated by a footnote . These accidents may result in occu-
pational exposures .

*Fo r a defl~Ttion of the umb~~Tla sou rce term, see page 3.7.1
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APPENDIX 3A - PART 1

POSTULATED ACC IDENT LIST*

Postulated Accident Umbrella Source Term

4.1 High -Level Waste Solidification

4.1.1 Hi gh-Level Waste Vitr ification

Minor

4.1 .1 Hydrogen explosion in feed tank 4.1.3

4.1.2 HLLW feed system leakage 4.1.3

4.1.3 Calcine spill due to backup in 4.1.3
equi pment or other process
irregularity

4.1 .4 Sintered metal filter failure 4.1.3

4.1 .5 Canister and retort failure during 4.1.3
melting operation

Moderate

~~~~~~ Feed solution backup in air 4.1.6
line or contamination spread
to occupied zones

4.1 .7 Off-gas iodine or ruthenium 4.1.8
adsorber failure

4.1.8 Process off-gas fi l ter failure 4.1.8

4.l .9 ’
~~ 0ff-gas blower failure 4.1.6

4.1.10 Failure of cell exhaust filters 4.1.8

4.1.2 High Level Waste Calcination

Mi nor
4.1.11 Hydrogen explosion in feed tank 4.1.3

4.1 .12 HLLW feed system leakage 4.1.3

4.1.13 Calcine spill from calcine handling 4.1.3
equipment due to process i rregularity

4. 1 .14 Overheating of calciner equipment due 4.1.3
to plugging

4.1 .15 Calcine overheating in canister 4.1 .3

Moderate
Feed solution backup in air line 4.1.6
or contami nation spread to
occupied zone

4 .l .17~~ Calciner pressurization due to 4.1.6
malfun ction of fuel ignition
system

a. Acciden t with potential for increased worker exposure
* As an ~x .tr~ç~le of the use of this list , the estimated source term for Accident 4.1.3 is

higher than that for -ny of these accidents : 4.1.1 , 4.1.2, 4.1.4 , 4.1 .5, and 4.1 .11
‘bru ~.l .15.



3.A.3

Pos tula ted Acc id ent Umbre l la Sou rce Term

Moderate
4. 1 .18 Failure of off-gas filter or 4.1.8

scrubber

4. T .l9 (a ) Loss of off-gas system flow 4.1.6

-~. 1 .2O Ruthenium sorber failure 4.1 .8

~~~~~~~ Fire in cell 4.1.6 , 4.1.8

4. 1 .22 Failure of cell exhaust fi l ters 4.1.8

4.2 Packag ing~Qf Fuel Res i due

4.2.1 Fuel Residue Packaging without
Compact i on

Minor

4.2.1 Zr fines fire 4.2.2

4.2.2 Mecha~~c~i Corn ac ti on of Hulls

Mi nor

4.2.2 Zr fines fire 4.2.2

4.2.3 Hulls Melting Process

Minor

4.2.3 M”lten Zr explosion/fire 4.2.2

4.3 Fa iled Equipment and Noncombustible Waste Treatment

4.3.1 Failed ~q~jpment an’i Noncombustib le Waste Treatmentat a Fuel Reprocessing Plant

4.3.2 Fa iled Equipment and Noncombustib le Waste Treatment
at a Mixed Oxide Fuel Fabrication Plant

Minor
4.3.1 Failed equipment tip over during

disassembly No release
4.3.2 Failed equipment drop from crane No release

4.4 Combustible and Compactable Waste Treatment

4.4.1 Incineration Process for Intermediate-Level
Waste (ILW) at the Fuel Reprocessing Plant

4.4.2 Incineration Process for Low-Level Waste (LLW) at
the Fuel Reprocessing Plan t

4.4.6 Incineration Process at a Mixed Oxide Fuel
Fabrication Plant

a. Accide r t with potential for increased worker exposure
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Postula ted Accident Umbrella Source Term

Mi nor
4.4.1 Loss of cooling water to incinerator No release

off-gas treatment system

4.4.2 Minor fire in feed preparation system 4.1.3

Moderate
4~4~3(~~ Major fire in feed preparation line 4.4.3

4~4~4(~~ Explosion in feed preparation system 4.4.5
4.4.5 Inc i nera tor explos ion 4 .4 .5

4.4.3 Intermediate — Level Waste (ILW) Packaging Without
Treatment at the Fuel Reprocess i ng Plan t

4.4.7 General Trash Packaging Without Treatment at a
Mixed Oxide Fuel Fabrication Plant

Mi nor
4.4.6 Ruptured waste bags sp i l le d to floor No release
4.4.7 Fire in bar rel of bagged trash 4.4.8

4.4.8 Spent HEPA filters spilled to floor 4.4.8

4.4.4 Low Level Waste (LLW) Packaging Without
Trea tment at the Fuel Reprocess i ng Plant

Minor

4.4.6 Ruptured waste bags spilled to floor No release

4~4~7~~) Fire in barrel of bagged trash 4.4.8

4.5 Degraded Solvent Treatment

4.5.1 Degraded So l vent Incinerati on

Mi nor
4.5.1 Loss of electrical power No release

Moderate
4.5.2 Incinerator flame-out explosion 4.4.5

4.5.3 Solvent fire 4.4.5
4.5.4 Explosion in incinerator 4.4.5

4.7 Immobi ’ization of Wet and Solid Wastes

4.7.1 Bitumen Immobilization at an FRP

4.7.2 Cement Immobilization at an FRP

4.7.4 Bitumen Immobili zation at a Mixed Oxide Fuel
Fab rication Plant

4.7.5 Cement immobilization at a MOX-FFP

a. Accident with potential for increased worker exposure
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Postulated Accident Umbrella _ Source Ter m

Mi nor
4.7 . 1  Sp il lage during drum fi l l ing No rel ease
4 .7. 2 Drum fi l l ing control valve fa i lure No release
4.7.3 Drum fi l led level detector No release

i nstrument fa i lure
4.7.4 Container drop or rupture No release
4.7.5 Leakage in waste in transfer line 4.7.6

4.7.6 Bitumen fire 4.7.6

Moderate
4.7.7 Cell HEPA failure with any 4.7.8

mi nor accident
4.7.8 Cell HEPA failure with bitumen 4.7.8

fire

4 .9 Fuel Reprocess ing Plant Dissolver Off-Gas Treatment

4.9.1 Dissolver 0ff-Gas Iodine Recovery~
Mi nor

4.9.1 Pl ugged iodine or ruthenium bed No release
4.9.2 Torn HEPA filter~~

Moderate
4.9.3 Process shutdown while dissolver is 4.9.13

operating
4.9.4 Iodine canister adsorbent spill No release

during replacement
4.9.5 Ruthenium canister adsorbent No release

spil l during replacement

4.9.2 Dissolver Off-Gas Carbon-l4 Recovery

Minor
4.9.6 Plugged recovery bed No release

4.9.7 Pl ugged lime scrubber No release

Moderate

4.9.8 Process shutdown with 14C venting 4.9.14

4.9.3 Dissolver Off-Gas Krypton Recovery

Mi nor
4.9.9 Plugged lines~~~
4.9.10 Freezing~~

a. All minor leakage is included in the operational release
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Postulated Acc ident Umbrella Source Term

Moderate
4.9.11 Process shutdown with Krypton-85 4.9.14

ven ti ng
4.9.l2~~ Oxygen recombiner exp losion 5.6.4

4.9.4 Combined Dissolver Off-Gas System

Moderate
4.9.13 Process shutdown with volatile 4.9.13

venting - One day

4.9.14 Process shutdown with carbon—l4 4.9.14
and krypton-85 venting--3O days

4.10 Process Off-Gas Treatment

4.1 0.1 Vessel Off—Gas System at the Fuel Reprocessing Plant

Mi nor
4 .10 .1 Plugged iod i ne bed No release
4.10.2 Torn packaged glass fiber filter~~

Moderate
4.10.3 VOG Process Shutdown 4.9.13

4.10.2 Process Off-Gas Treatment at an ISFSB

Minor
4.10.4 Pl ugged iodine bed No release
4.10.5 Torn HEPA filter~~

Moderate
4.10.6 Process shutdown 4.9.13
4.10.7 Iodine canister adsorbent spi 11 No release

duri ng replacement

4.11 Fuel Reprocess i ng Plant Atmospher i c Protect ion System

4.11 .1 Group III Fi l ter Module /HEPA Filter Atmo spheric Protection System

4.11.2 Sand Fi l ter/HEPA Fi l ter Atmospheric Protection System

4.11.3 Deep-bed Glass Fiber Filter /HEPA Filter Atmospheric Protection System

Mi nor
4.11.1 Loss of normal elect rical power No release

4.11.2 Loss of exhaust fan No release

a. All minor leakage is included in the operational release
b. Acc ident with potential for increased worker exposure
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Postulated Accident Umbrella Source Te rm

Moderate
4.11.3 Rupture of final HEPA filters- 4.1.8

extensive vibration and defective
equipment

4.11.4 Rupture of HEPA filters - sudden 4.1.8
increase in flow resistance

5.1 ~~~~~~~~~~~~~~~~~~~~~~~~~~

5 .1.1 Tank Storage of Hj~g~~ !yel Liquid Waste

Mi nor
5.1.1 Loss of normal electrical power No release
5.1.2 Leak from diversion equipment No release

5.1 .3 Temporary loss of sparge/purge air No release

5.1 .4 Loss of normal secondary coolant supply No release

5.1.5 Temporary loss of exhaust blower No release

Moderate
5.1. 6 Fi l ter fire 4.1.8

5.1.7 Breach of waste tank (primary No release
container) with sound secondary
liner

5.1.8 Off—gas HEPA filter fails 4.1.8

5.2 Storage of Fuel Residue

5.2.1 Vault Storage of Fuel Residue

5.2.2 Subsurface Storage of Fuel Residue

Moderate
5.2.l~ Waste hulls canister 5.2.1

breached by drop

5.3 Non-high Level Solid Waste Stora.!~~
5.3.1 Outdoor Storage of Transuranic Low-Level Waste

Minor
5.3.1 Mechanical breach of drum 5.3.1
5.3.2 Dislodge of surface contamination 5.3.1

5.3.3 Overpressurization of sealed 5.3.1
container

5.3.4 Container rusts through 5.3.1

Moderate

Fire in storage stack 5.3,6

5 • 3 • 5 (
~~ Tornado strikes 5.3.6

a. Accident with potential for increased worker exposure

- _ _ _
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Postulated Accident Umbrella Source Term

5.3.2 Indoor Unshielded Stora9e of Low Level Waste

Minor
See Accidents 5.3.1 - 5.3.4

5~3~7(~~ Fire in storage stack 5.3.1

5.3.3 Outdoor Storage of Transuranic Intermediate - Level Waste

Minor
See Accidents 5.3.1 - 5.3.4

Moderate

~~~~~~ Crane drops drum 5.3.8

5.3.4 Indoor Shielded Storage of Transuranic Intermediate - Level Waste

Mi nor
See Acc idents 5.3.1 — 5.3.4

See Accident 5.3.7

Moderate

See Accident 5.3.8

5.4 Solidified High-Level Waste Storage

5.4.1 Wa ter Basin Storage for Solidified High-Level Waste

Minor
5.4.1 Loss of normal electrical power No release

5.4.2 Loss of normal cooling water supply No release
5.4.3 Reduction of norma l cooling water supply No release

5.4. 4 Ventilat i on system failure No release
5.4.5 Leak in water treatment systems No release
5.4.6 Failure of secondary cooling loop No release

Moderate
5~4~7(~~ Canister failure in storage basin No release
5.4.8 Failure of basin liner No release

5.4.9 Dropp ing shipping cask into cask well No release
5.4.1O~~ Dropping canister into storage basin No release
5.4.11 Failure of primary cooling 1oop No release

Severe
5.4.l2~~ Concrete cover block falls No release

into storage pool
5.4.l3~~ Contam i na ti on of secon dary 5.7.12

cooling water
Fire in storage basin building No release

5.4.15 Desi gn basis tornado 5.7.12

a. Accident with potential for increased worker exposure 

~~~~~~~ ~~~
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Postul ated Accident Umbrella Source Term

5.4.2 Sealed Sto rage Cask for Storage of Solidified Hi~g~-Level Waste

Minor
5.4.16 Receipt of externall y contaminated No release

shipping cask
5.4.17 Receipt of contaminated or failed No release

cani sters
5.4.18 Impaired waste cooling No release

Moderate
5.4.19 Canister failure in receiving cell 5.4.19
5.4.20 Canister failure in weld and test cell 5.4.19

5.5 Interim Storage of Pluton i um_Ox i de

5.5.1 Interim Plutonium Oxide Storage Facilj~~

Mi nor
5.5.1 Loss of normal electrical power No release

5.5.2 Temporary loss of ventilation blower No release

Modera te
5.5.3 Decontamination trash fire 5.5.4
5.5.4 Storage conta iner leakage 5.5.4

Severe
5.5.5 Storage container breach 5.5.5

~~~~~~ Plutonium product critical i ty 5.5.6

5.6 Krypton Storage

5.6.1 Krypton Gas Cylinder Storage

Minor
5.6.1 Loss of storage cell coolant No release

Moderate

5.6.2 Kr cylinder ruptured in storage 5.6.4
cell or hot cel l

5.6.3 Kr cylinder corrodes 5.6.4

5~6~4(a ) Kr cylinder ruptured in 5.6.4
operating area or storage
corridor

5.7 Spent Fuel Storage

5.7.1 Water Basin Storage of Unpackaged Sp~ent Fuei

5.7.2 Mod ified Water Basin Stora~g~e of Unpackaged Spent Fuel

a. Accident with potential for increased worker exposure 

-.— .— —~~ 
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Postulated Accident Umbrella Source Term

Minor
5.7.1 Loss of normal electrical power No release

5.7.2 Loss of norma l cooling water supply No release
5.7.3 Reduction of normal cooling water No release

supply
5.7.4 Ventilation system failure No release

5 .7.5 Leak in water treatment system No release

~~~~~~ Minor fuel handling accident 5.7.6

Moderate
5~7~7(~~ Fuel handling accident 4.1 .6, 5.7.18

~~~~~~ Fuel handling accident wi thout 4.1.6 , 5.7.18
confinement protection

5~7•9(a) Rail cask venting 4.1.6 , 5.7.18
5.7.10 Shipping cask dropped into cask No release

unloading pool
5.7 .ll~~ Dropped fuel transfer basket 4.1.6, 5.7.18

Severe
5.7.12 Design basis tornado 5.7.12

5.7.l3~~ Criticality 5.7.13
5.7.14 Loss of cooling water supply No release

5.7.3 Spent Fuel Packaging

5.7.4 Independent Packaged Spent Fuel Receiving Facility

Minor
5.7.15 Loss of normal electrical power No release

5.7.16 Loss of norma l cooling air supply No release
5.7.17 Equipment failure - fuel assembly No release

suspended in air

Moderate
5.7.18~~ Fuel handl ing accident 5.7.18

5.7.19 Shipping cask dropped into cask well No release

Severe
5.7.20 Dropped fuel assembly - 5.7.20

rupture 20% of the rods

a. Accident with potential for increased worker exposure
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Postulated Accident Umbrella Source Term

5.7.5 Wa ter Basin Storage of Packaged Spent Fuel

Minor
5.7.21 Loss of norma l electrical power No release
5.7.22 Loss of norma l cooling water supply No release

5.7.23 Reduction of normal cooliny water No release
supply

5.7.24 Ventilation system failure No release

5.7.25 Leak in water treatment system No release

5.7.26 Dropped fuel rack in transfer tunnel No release

5.7.27 Design basis tornado 5.7.12
5.7.28w Criticality 5.7.13

5.7.29 Loss of cooling water supply No release

5.7.6 Air Cooled Vault Storage of Packaged Spent Fuel

Minor
5.7.30 Loss of cooling air flow No release

5 .7 .31 Flooding of sto rage va u lt No release
5.7.32 Dropped fuel rack in transfer tunnel No release

or vault

Moderate
5~7~33(~~ Packaged element fails in storage 5.7.39

5.7.7 p~~~~çaisson Storage of Pac kaged Spent Fuel

Mi nor
5.7.34 Flooding of one caisson No release
5.7 .35 Dropped fuel rac k i n transfer tunne l No rel ease

or caisson

Moderate
5 .7.36~~ Packaged element fails in storage 5.7.39

5.7.8 Surface Cask Storage of Packaged Spent Fuel

Mi nor
5.7.37 Loss of cooling air flow No release
5.7.38 Filled fuel rack dropped in transfer No release

tunnel or storage cask

Moderate
5~7~39(a) Packaged element fails in storage 5.7.39

a. Accident with potential for increased worker exposure

~
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Postulated Accident Umbrella Source Term

6.0 Transportation of Nuclear Material

6 .2 Transport of Spent Fuel

6.2.1 Rail Transport of Spent Fuel

Minor
6.2.1 Train derailment involves spent No release

fuel cask
6.2.2 Train derailment and 1/2 hour No release

(or less) fire involves spent
fuel cask

6.2.3 Undetected leakage of coolant 6.2.3
from cask cav ity (and/or surface
contamination washoff)

Moderate
6.2.4 Collision or derailment results 6.3.4

in loss of neutron shielding
from spent fuel rail cask

6.2.5 Fire accompanying accident causes 6.2.6
rail cask cavity to overpressurize;
relief valve operates

6.2.6 Col lision or derailment causes 6.2.6
damage to rail cask mechanical
cooling system

Severe
6.2.7 Collision or derailment causes 6.3.5

spent fuel rail cask to ~esubjected to severe impact and
fire

6.2.8 Cavity coolant lost from spent 6.2.8
fuel rail cask; no emergency
action taken

6.2.2 Truck Transport of Spent Fuel

Mi nor
6.2.9 Truck collision or overturn accident No release

involves spent fuel cask
6.2.10 Truck collision or overturn accident No release

and 1/2 hour (or less) fire involves
spent fuel cask

6.2.11 Undetected leakage of coolant from 6.2.3
cask cavity (and/or surface
contamination washoff)

Moderate
6.2.12 Truck collision or overturn results 6.3.4

in loss of neutron shielding from
spent fuel truck cask

6.2.13 Fire accompanying accident causes 6.2.13
truck cask cavity to overpressurize;
relief valve operates
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Postulated Accident Umbrella Source Te rm

Severe

6.2.14 Collision or overturn causes spent 6.3.5
fuel truck cask to be subjected to
severe impact and f i re

6.3 Transpor tat i on of Hi gh—Leve l Was te

6.3.1 Rail Trans~port of High-Level Waste

Minor

6.3.1 Train derailment involves hig h-level No release
was te cask

6.3.2 Train derailment and 1/2 hour (or less) No release
fire involves hig h-level waste cask

6.3.3 Unusual transport condition erodes cask 6.2.3
surface

Modera te
6.3.4 Collision or derailment results in 6.3.4

loss of neutron shield i ng from
sol id high-level waste cask

Severe
6.3.5 Collision or derailment subjects 6.3.5

high-level waste cask to severe
impact and f i re

6 .4 Tra nsport of Fuel Res idues

6.4.1 Ra i l Transport of Fuel Bundle Residues

Minor

6.4.1 Derailment involves fuel residues cask No release

6.4.2 Derailment and 1/2 hour (or less) fi re No release
involves fuel residues cask

6.4.3 Unusua l transport conditions erodes 6.2.3
cas k surface

Severe
6.4.4 Collision or derailment subjects fuel 5.2.1

residues cask to severe impact and
fire

6.5 Transportation of Plutonium

6.5.1 Truck Transport of Plutonium

Potential accidents are similar to 6.2.2 accidents No release

6.6 Transportation of Non-Hi~ h- ,..evel TRU Wostes

6.6.1 Truck Transport of Non-Ni gh-Level TRU Wastes

, _

~ 
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Postulated Accident Umbrella Source Term

Minor
6.6.1 Truck collision or overturn accident No release

involves non-hi gh-level TRU waste
container

6.6.2 Truck collision or overturn accident No release
and 1/2 hour (Or less) fire involves
non-hi gh-level TRU waste container

6.6.3 Non-hi gh-level TRU waste shipment 6.6.3
made in improperly closed packages

Severe
6.6.4 Non-high-level TRU waste container 6.6.4

is subjected to severe impact and
f i re

7.0 Final Isolation and Disposal of Long Lived Wastes

7.5 Geologjc Repositories for the Once Through Fuel Cycle

7.6 Geologic Repositories for the Reprocessing Fuel Cycle

Minor
7~1 (a) LLW drum rupture due to handling error 4.4.8
7~2(a) Minor can i ster failure 7 .2
7.3 Recei pt of externally contaminated No release

can i ster
7.4 Dropped shi pping cask No release

Moderate
7~5(a) Waste container drop during handling 7.6

7.6 Waste package dropped down mine shaft 7.6

7.7 Tornado strikes mined materials 7.7
storage area

~~~~~ LLW drum rupture due to mechanical 7.6
damage and fire

7~9(8) LLW drum rupture due to internal 7.6
ex p los ion

Non Des i gn Bas i s
7.10 Nuclear wa rfare No release
7.11 Repository breach by meteorite 7.11
7.12 Repos itory breach by drilling 7.12
7.13 depository breach by solution mining 7.13
7.14 Volca nism 7.15
7.15 Repository breach by fault i ng with 7 .15

gro und wate r trans port
7.16 Erosion 7.15

7.17 Criticality No release

a. Accident with potential for increased worker exposure
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APPENDIX 3A - Part 2

UMBRELLA SOURCE TERM INDEX

MINOR ACCIDENTS

4.1.3 Calcine sp ill due to backup in equipment or other process irregulari ty

4.1 .1 Hydrogen explosion in feed tank

4.1 .2 HLLW feed system leakage

4.1 .4 Sintered meta l filter failure

4.1.5 Cdn ister and retort failure during melting operation

4.1 .1 1 Hyd rogen explos i on i n feed tan k

4.1.12 HLLW feed system leakage

4.1 .13 Calcine spill from calcine handling equipment due to process i rregularity

4.1 .14 Overheating of calciner equipment due to plugging

4.1.15 Calcine overheatin g i n can i ste r

4.4.2 Minor fire in feed preparation system

4.2.2 Zr fines fire

4.2.1 Zr fines fire

4.2.3 Molten Zr explosion/fire

4.4.8 Spent HEPA filters spilled to floor (FRP-ILW)

4 .4 .7 Fire i n ba rrel of bagged tras h

~~~~~~ Fi re in barrel of bagged trash
LLW drum rupture due to handli ng error

4.7.6 Bi tumen fire

4 .7 .5 Lea kage i n waste in transfe r li ne

5.3.1 Mechanical breach of drum

5.3.2 Dislodge of surface contamination

5.3.3 Overpressurization of sealed container
5.3.4 Container rusts through
5~3~7(~~ F i re i n sto rage stac k

~~~~~~ Min or fuel handl i ng acc i dent

6.2.3 Undetected leakage of coolant from cask cavity (and/or surface contamination washoff)

6.2.11 Undetected leakage of coolant from cask cavity (and/or surface contamination
washoff )

6.3.3 Unusual transport condition erodes cask surface

6.4.3 Unusual transport condition erodes cask surface

a. Accident wi th potential for increased worker exposure
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MINOR ACCIDENTS

6.6.3 Non-hi gh-level TRU waste shipment made in improperly closed packages

~~~~~ Mi nor canis ter fa i lure

MODERATE ACCIDENTS

~~~~~~ Feed solut ion backup in air line or contamination spread to occupied zones

Off-gas blower failure

4.l.l 6~~ Feed solut ion backup in air line or cantamination spread to occupied zone

4.l .l7~~ Calci ner pressurization due to malfunction of fuel i gni ti on system
4.l .l9~~ Loss of off-gas system flow

4.l.21~~~ Fi re i n cell
Can ister failure in storage bas in

5.4.lO~~ Dropping canister into storage basin

5.4.l2~~ Conc rete cover block falls into storage pool

5.4.l4~~ Fire in storage basin building

5 7 7 (a) Fuel handling accident

~~~~~~ Fuel handling accident without confinement protection

Ra il cask venting

5.7.ll ~~~ Dropped fuel transfer basket

4.1.8 Process off-gas filter or scrubber failure

4.1 .7 0ff-gas iodine or ruthenium adsorber failure

4.1.10 Failure of cell exhaust filters

4.1.18 Failure of off-gas filter or scrubber

4.1.20 Ruthenium sorber failure

4.l .2l~~~ Fir e i n cel l
4.1 .22 Failure of cell exhaust filters

4.11.3 Rupture of final HEPA filters-extensive vibration and defective equipment

4.11 .4 Rupture of HEPA filters - sudden increase in flow resistance

5.1.6 Filter fire

5.1 .8 Off-gas momentarily by-passes HEPA filter

4~4~3(~~ Major fire in feed preparation line (FRP-ILW line)

4~4,5(~~ Incinerator explosion (FRP-ILW )

4~4~4(~~ Explosion in feed preparation system

4.5.2 Inc inerator flame-out explosion

4.5.3 Solvent fire

4.5 .4 Explosion in incinerator

4.7.8 Cel l HEPA failure with bitumen fire (in FRP-TRU process line)

4.7.7 Cell HEPA failure with any minor accident

a. Accident with potential for increased worker exposure
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MODERATE ACCIDENTS

4.9.13 Process shutdown with volatile venting — 1 day

4.9.3 Process shutdown while dissolver is operating

4.10.3 VOG Process shutdown

4.10.6 Process shutdown

~.9.14 Process shutdown with carhon-l4 and krypton-85 venting — 30 days

4.9.8 Process shutdown with 14C venting

4.9.11 Process shutdown with 85Kr venting

~~~~~~ Waste Zr hulls canister breached by drop

6.4.4 Collision or derailment subjects fuel residues cask to severe impact and fire

5.3.6w Torna do strik es

5.3.5w Fire in storage stack

~~~~~~ Crane drops drum

5.4.19 Canister failure in receiving cell

5.4.20 Canister failure in weld and test cell

5.5.4 Storage container leakage

5.5.3 Decontamination trash fire

~~~~~~ Kr cylinder ruptured in operating area or storage corridor

4.9.l2~~ Oxygen recomb i ner ex pl os i on
5.6.2 Kr cylinder ruptured in storage cell or hot cell

5.6.3 Kr cylinder corrodes

5.7.18 Fuel handling accident

5~7~7(~~ Fuel han d li ng acc i den t

~~~~~~ Fuel handling accident without confinement protection

5~7~9(a) Ra il cask venting

5.7.1l~~ Dropped fuel transfer basket

5~7~39(~~ Pac kage d element fai ls i n storage

5~7~33(~~ Pac kaged e l emen t fai ls i n storage
5.7.36~~ Packaged element fai ls n storage

6.2.6 Collision or derailment causes damage to rail cask mechanical cooling system

6.2.5 Fire accompanying accident causes rail cask cavity to overpressurize;
rel ief va l ve operates

6.2.13 Fire accompany ing accident causes truck cask cavity to overpressurize;
rel i ef valve operates

a. Acc ident with potential for increased worker’ ex posure 
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MODERATE ACCIDENTS

6.3.4 Collision or derailment results in loss of neutron shielding from solid hi gh-level
waste cas k

6.2.4 Collision or derailment resul ts in loss of neutron shielding from spent fuel
ra i l cask

6.2.12 Truck collision or overturn results in loss of neutron shielding from spent
fuel truck cask

7.6 Waste package dropped down mine shaft

7 5 (a) Was te container drop during handling

LLW drum rupture due to mechanical damage and fire

7~9(a) LLW drum rupture due to internal explosion

7.7 Tornado strikes mined materials storage area

SEVERE ACCIDENTS

5.5.5 Storage container breach

5.5.6l
~~ Plu ton iu m p roduct c ri tical i ty

5.7.12 Design basis tornado

5.4.1 3~~ Con tamination of secondary cooling water

5.4.15 Design basis tornado

5.4.27 Design basis tornado

5.7.l3~~ Criti iality

5.7.28~~ Criticality

5.7 .20 Dropped fuel assembl y - rupture 20% of the rods

6.2.8 Cavity coolant lost from spent fuel rail cask; no emergency action taken

6.3.5 Collision or derailment subjects hi gh-level waste cask to severe impact and fire

6.2.7 Collision or derailment causes spent fuel rail cask to be subjected to
severe impact and fire

6.2.14 Col lison or overturn causes spent fuel truck cask to be subjected to
severe impact and fi re

6.6.4 Non-high-level THU waste container is subjected to severe impact and fire

NON DESIGN BASIS ACCIDENTS

7.11 Repository breach by meteo rit e

7.12 Repos it ory breac h by dr i ll i ng

7.13 Repository breach by solution mining

7.15 Repository breach by fau lt ing w it h ground wa ter transport

7.14 Volcanism
7.16 Eros i on

a. Accident with potential for increased worker exposure
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APPENDIX 3B
BASES FOR CRITICA LITY CALCULATIONS

COMPUTER CODES AND NUCLEAR CROSS SECTIONS

The criticality calculations for the various facilities that have significant quantities

of fissile material were performed by means of a variety of computer codes. Values of k and

multi grou p cross sections were calculated by the code GAMTEC-tI~~~ from a libr ary based on
ENDF/B- IV cross sections. Values of k for finite systems were calculated by means of the

Monte Carlo cri~ ica 1it y code KENO IV (2~ and the one-dimensional diffusion theory code HFN .~
3
~

Most of the wor- was done with KENO IV . HFN was used only for a few of the wel l-therm alized

systems .

HLLW SOLUTION FROM URANIUM-ONLY RECYCLE, WITH PLUTONIUM DISCARDED TO HLW

The crit icality calculations for HLLW solution that contains all the discarded olutonium

(Case 2a) a r~ based on the following inputs :

• The bul k.volume /unit mass measurement is 567 t/MTHM
N

• The HLLW contents (1185 g/9.) are suniiiarized in Table 3.8.1.

~ The sol ution contains 4.777 kg U/MTHM and 8.410 kg Pu/MTHM. Table 3.8.2 lists the isotopic

compositions of U and Pu as derived from the ORIGEN run for Case 2a.

TABLE 3.8.1. HLLW Containing Discarded Pu - Case 2a, g/9.

H 2.0
Na 0.147
Fe 2.0

Ni 0.133
Cr 0.333
Gd 15.9

Fission products 44.7
Act i n i des 1 .96
U 8.43

Pu 14.83
Activation products 0.520

P04 2.67
NO3 199

H2O 892
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TABLE 3.8.2. Isotopic Composition of U and Pu Contained in HLLW - Case 2a

Isotope kg/MTHM wt% of Total U wt% of Total Pu

232u 2.48 x lO~~ 0
1 .44 x 10.2 0

234U 2.87 x l0~~ 0
235 U 3.94 x lO _ 2 

0.82
236U 2.51 x lO

_2 
0.53

237U 1.60 x b
_ b 

o
4.71 98.65

236Pu 6.75 x bO~ 0
238Pu 1.85 x bO

_ l 
2.20

239Pu 4.74 56.32
240Pu 2 .04 24.26
241Pu 1.04 12.42
242 Pu 4 .04 x 10-1 4.80

These inputs , within the limits imposed by the GAMTEC—II computer code and the ENDF/B-IV
cross—section library , provide the basis for thr nuclides and nuclei densities listed in
Table 3.B.3 to represent the Case 2a HLLW solution .

TABLE 3.8.3. Nuc lides and Nuclei Densities for the HLLW Solution - Case 2a ,
atoms/barn-cm

Atoms/barn-cm

235U 1.79 x l0~~
2.11 x lO~~

239Pu 2 .12 x 1O~~
240Pu 9.09 x 10-6
241Pu 4.63 x io

_6

* 
242Pu 1.78 x l0~

6

Gd 6.10 x l0~
N 1.93 x l0~
0 3.57 x 10

_2

H 6.09 x 1O
_2

Because GAMTEC—II can accept only ten isotopes plus elements , it is necessary to omit the
nuclides present in small amounts and those that are judged to have a small effect on the
reactivity . Fission products are also omitted because they are not available from the C1AMTEC-II
library . Because the fission products are generally poor neutron moderators and fair neutron

absorbers , this omission introduces a small degree of conservatism; i.e., calculated reactivities
are slightly too large.
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SPRAY CALCINE FROM URANIUM-ONLY RECYCLE WITH PLUTONIUM DISCARDED TO HLW

The criticality calculations for spray calcine product that contains all the discarded
plutonium (Case 2a) are based on the following inputs :

• The bulk volume/unit mass 43.7 t/MTHM with a void fraction of 70 vol%.

• The spray calcine contents (61.942 kg calcine/KTHM) are sumarized in Table 3.8.4.

• The calcine contains 4.777 kg U/MTHM and 8.410 kg Pu/MTHM as derived from the ORIGEN run
for Case 2a. (The isotopic compositions are identical with those listed in Table 3.B .l.)

TABLE 3.B.4. Calcine Containino Discarded Pu — Case 2a,
kg sob id/MTHM

~j~ o1 id/MTHM
Na2O 0.112
Fe2O3 1.622
NiO 0.096
Cr2O3 0.276
Gd203 10.372
FPxOy 31 .440

•4CtzOg 1.220
U03 5.741
Pu02 9.533
APrOt 0.400
P205 1.130

These inputs , within the limi ts imposed by the GANTEC-Il computer code and the ENDF/B-IV

cross-section library , provide the basis for the nuclides and nuclei densities listed in
Table 3.8.5 to represent the case 2a spray calcine product .

TABLE 3.B.5. Nuclides and Nuclei Densities for Spray Calcine -

Case 2a, atoms/barn-cm

Atoms/barn-cm

235U 2.32 x 10.6

2.74 x b0~~
239Pu 2.75 x l0~240Pu 1.18 x bO~~241 Pu 6.01 x lO~242Pu 2.31 x l0~~
O 9.68 x lO~
Gd 7.89 x l0~

Because GAMTEC—II can accept only ten Isotopes and elements, only eight nuclides have
been considered for spray calcine so that bo~~n and hydrogen could be included in calculations
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involvin g add itional mixtures. Fission products are also omitted . This results in a small

degree of conservatism; i.e., calculated reactivities are slightly too large .

In the calculations involvin g slurry mi xtures of the spray calcine product and HLLW solution ,

the density of the solid calcine is assumed to be constant (at the value corresponding to the

dry void volume fraction of 70%) when the vol ume fraction of solution is less than 7O~- . After

the void space is completel y fi l led , the dens i ty of the sol i d calc ine i s reduced as more
sol ution is added. Any volume changes due to the dissolution of soluble components in the

c~’lcine are ignored.

FLUIDIZED BED CALCINE FROM URANIUM-ONLY RECYCLE WITH PLUTONIUM DISCARDED TO HLW

The criticality calculations for fluidized bed calcine with plutonium discarded to HLW

(Case 2a) are based on the following inputs :

• Bulk density = 2.44 g calc i ne/cm3 with a void fraction of 20 vob %.

• The fluidized bed calcine contents (61 .942 kg calcine/MTHM ) are identical to that of spray

calc ine and are sumarized in Table 3.B.4.

• The calc ine contains 4.777 kg U/MTHM and 8.410 kg Pu/MTHM as derived from the ORIGEN run

for Case 2a. (The isotopic compositions are identical with those listed in Table 3.B.l.)

These inputs, within the limits imposed by the GAMTEC-I I computer code and the ENDF/B-IV

cross—section library , provide the basis for the nuclides and nuclei densities listed in
Table 3.8.6 to represent the dry Case 2a fluidized bed calcine.

TABLE 3.B.6. Nuc lides and Nuclei Densities for Fluidized Bed Calcine -

Case 2a , atoms/barn-cm

Atoms/barn-cm

3.99 x b0~~238U 4.74 x l 0~~238Pu 1.85 x bO~~239 Pu 4.72 x lO~~
240Pu 2.03 x lO~~241 Pu 1 .03 x bO~~242 Pu 3.98 x lO~
0 1.67 x 1O 2

Gd 1.36 x bO~

Because GAMTEC-I I can accept only ten isotopes plus elements; Na , Ni , Cr , activation

products , P, 232ij, 233U, 234U, 237U, and 236Pu effects are considered neg ligible. The Fe, Np,

Am , and Cf are present in small quantities and can be neglected without affecting the calculational

results . The 236U is included as 238U. Fission products are 25.197 kg/MTHM or 40.7% of the

total calcine by w~i ght; however , they are generall y poor neutron moderators and fair neutron
absorbers . If their results had been taken into account, it would have reduced the ca1culat~d
reactivities. All the oxygen in the entire calcine was represented . For the wet systems ,
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hydrogen in the water was also represented. In sumary , 94% of the entire actinides were
represented including all plutonium and uranium except trace quantities , and 54% of the total
calc ine by weight was represented. Had the other 46% by weight also been represented , it would

have decreased the calculated reactivit ies. Therefore , the calculational results presented are

all concervative.

For calculations in wh ich the Case 2a fluidized bed calcine was mixed with water , the

calc ine particles were assumed to occupy a certain fixed volume of space whether wet or dry .

Calc ine wi th a bulk density of 2.44 g calcine/cm 3 occup ies 80% of all space and in the cor-

respond ing wet case the water occupies the remaining 20% of all space . This is modified , for
example, to 1.22 g calc i ne/cm3 occupying 40% of all space and water occupying the remaining

60% of all space. This assumption is onl y an approximation because some of the oxides in the

calc ine go into solution , and the resultant volume is not the same as the sum of the original

volumes. This approximation wil l suffice for the conceptual study . The resulting uncertainty

in criticality calculations will be small. Final conclusions are unchanged .

An example of the nuclei densities used in representing 200 g PulL and 10 g Gd/c , wet

fluidized bed calcine (equivalent to 1.473 g calcine/cm 3) is sumarized in Table 3.8.7.

TABLE 3.6.7. Nuclides and Nuclei Densities for Wet Fluidi zed Bed Calcine ,
200 g Pu/9. - Case 2a, atoms/barn-cm

Atoms/barn-cm

H 3 .46 x b0 _2

0 2.614 x bO
_2

Gd 3.830 x bO~~235w 2.40 x 10
_6

238U 2.85 x l0~~238Pu 1.11 x lO
_ 1 5

239Pu 2.84 x b0~240Pu 1.22 x l0~241 Pu 6.21 x 10~~242Pu 2.39 x b0~

BOROSILICATE GLASS FROM URANIUM-ONLY RECYCLE , WITH PLUTONIUM DISCARDED TO HLW

The criticality calculations for borosilicate glass containing calcine , with plutonium
discarded to HLW (Case 2a) are based on the following inputs :

• Bulk volume/unit mass is 58.3 L/MTHM .

• The boros ilicate glass contents (175.01 7 kg glass /MTHM) are suni~iarized in Table 3.8.8.

• The glass contains 4.777 kg U/MTHM and 8.410 kg Pu/MTHM as derived from the ORIGEN run for
Case 2a. (The isotopic compositions are identical with those listed in Table 3.8.1.)

These inputs , within the limits imposed by the f AMTEC -Il computer code and the ENDF/B- IV
cross—section library , provide the basis for the nuclides and nuclei densities listed in
Table 3.B.9 to represent the dry case 2a calcine in borosi licate glass.
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TABLE 3.B.8. Borosilicate Glass Containing Discarded Pu —

Case 2a, kg sob id/MTHM

MaO2 0.112 kg solid/MTHM from calcine
Fe2O3 1.622 kg solid/MTHM from calcine
NiO 0.096 kg solid/MTHM from calcine
Cr2O3 0.276 kg solid/MTHM from calcine
Gd2O3 10.372 kg solid/MTHM from calcine
FPxOy 31 .440 kg solid/MTHM from calcine
ActzOg 1.220 kg solid/MTHM from calcine
UO3 5.741 kg solid/MTHM from calcine
PuO2 9.533 kg solid/MTHM from calcine
APrOt 0.400 kg solid/MTHM from calcine

1.130 kg solid/MTHM from calcine
SiO2 66.5 kg solid/MTHM from frit
B2O3 18.4 kg solid/MTHM from frit
TiO2 7.35 kg solid/MTHM from frit
A1 203 1.83 kg solid/MTHM from frit
Na2O 15.6 kg solid/MTHM from fri t
K20 9.18 kg solid/MTHM from frit
CaO 3.68 kg solid/MTHM from frit

TABLE 3.B.9. Nuclides and Nuclei Densities for Borosilicate Glass -

Case 2a, atoms/barn-cm

Atoms/barn-cm

1 .081 x 1O~~
0 4.507 x 10 2

Na 5.238 x lO~~
Si 1.143 x l0 2

Gd 5.912 x
238w (includes 236U) 2.056 x lO~239Pu (includes 235U) 2.065 x 10~240Pu (includes 238Pu) 9.586 x lO~~

4.479 x lO~242Pu 1.725 x bO~~

The isotopes listed in Table 3.B.9 were chosen because (AMTEC-II can accept only ten
isotopes and elements. The elements B, Na, and SI are important constituents from the glass
frit , and hydrogen is not present. Of the combined uranium and plutonium isotopes ,
represents only 0.53% of the 238U + 236U input , 235U represents only 0.84% of the 239Pu + 235U
input, and 238Pu is only 8.38% of the 240Pu + 238Pu. Therefore, the 236U and 235U isotopes are

essentially negligible anyway. The combination of 240Pu and 238Pu has a smaller effect than
does neglecting the sodium in the calculation . All the oxygen in both the calcine and the
glass frit was represented . The sodium from bo~~ was also represented. In surmeary , 83.5% of
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of the total glass frit by weight was represented , giving a total of 77.5% of the total glass
plus calcine by weight. If the other portion of the weight had also been represented , the
reactivity of the system would be changed only on the order of a percent.

For calculations in which it was assumed that the PuO2 could concentrate by some mechanism ,
only the PuO2 was assumed to become more dense. This effect was assumed to decrease the density
of all other components in the calcine and glass frit by the same fraction . Therefore, both
gadolinium and uranium densities were decreased as plutonium increased. Because the PuO2 is
assumed to be finely divided , it was assumed to occupy a volume such that it would just fill
all space at theoretical density of 11.46 g Pu02/cm

3. Some representative nuclei densities
are listed in Table 3.B.1O.

TABLE 3.8.10. Representative Nuclei Densities for Borosilicate
Glass in Which Pu02 has Become Concentrated ,atoms/barn—cm

~Nuclei Density (atoms/barn-cm)
5.60 g PuO2/cm3, 1.40 g PuO2fcmJ , 0.35 g Pu02/cm3’
4.94 g Pu/cm 3 1.24 g Pu/cm3 0.309 g Pu/cm3

5.529 x b0~~ 9.492 x b0~~ 1.048 x lO~~
O - 4.750 x bO

_2 
4.513 x 10.2 4.454 x io

_2
Na 2.678 x bO~ 4.598 x b0~~ 5.078 x lO~~
Si 5.847 x l0~~ 1.004 x 10—2 1.108 x bO

_2

Gd 3.023 x b0~~ 5.190 x 10~~ 5.732 x b0~238U (includes 23CU) 1.051 x b O~ 1.805 x b0~~ 1.993 x lO~239Pu (includes 235 U) 7.011 x bO~ 1.754 x b0~~ 4.398 x lO~~240Pu (includes 238Pu) 3.282 x bO~ 8.204 x ~~~ 2.051 x bO~~241Pu 1.534 x bO~ 3.834 x lO~ 9.584 x b0~~242Pu 5.905 x l0~ 1.476 x l0~~ 3.691 x bO~

IN THE INTERIM PLUTONIUM STORAGE FACILITY

The criticality calculations for Pu02 in the interim plutonium storage facility (Case 2b)

are based on the following inputs:

• The bu lk density of PuO2 is 3.5 g/cm
3 with a void fraction of 0.6946.

• The H 0 content is 1 wt%.
• The isotopic composition is 239Pu, 95 wt%; 240Pu , 5 wt%.

• Nuclei densities are listed in Table 3.B. lb .

TABLE 3.8.11. Nuclides and Nuclei Densities for Pu02 -Case 2b , atoms/barn-cm

Atoms/barn-cm
239Pu 7.39 x lO~~240 -4Pu 3.89 x 10
H 2.34 x 1O 3

0 1.67 x lO
_2

F I
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OTHER MATERIALS USED IN CRITICALITY SAFETY ANALYSIS

The ENDF/B-IV cross sections prepared with the GAMTEC-I I computer code were based on the

data in Table 3.B.l2.

TABLE 3.8.12. Nuclei Densities for Materials Used in
Critical ity Safety Anal ys i s , atom/barn-cm

Nuclei Density,
_______ 

Material Isotope or Element atoms/barn—cm

Water H 6.68652 x b0
_2

Density 1.000 g/cm3 0 3.34326 x 10-2

Concrete (Type 04 from
F 

ANL-5800 or ANL-6443)

Density 2.336 g/cm3 H 7.768 x bO~~
O 4.386 x b0

_2

Na 1.048 x 1O~~
Mg 1.486 x b0~~
Al 2.389 x bO ~~
Si 1.580 x 1O

_2

K 6.931 x b 0~
Ca 2.915 x l0~~
Fe 3.128 x

Gran ite H 2.16 x bO~~
Density 2.729 g/cm 3 C 3.74 x l0~~

O 4.84 x 10-2

Na 2.06 x bO ~~
Mg 1.44 x b 0~
Al 5.00 x
Si 1.64 x bO

_2

K 1 .11 x b0~
Ca 1.51 x 10~~
Fe 1.52 x l0~

Shale H 1.01 x 10-2

Density 2.980 g/cm3 C 2.29 x l0~
O 5.63 x 10-2

Na 7.54 x lO~
Mg 1.09 x lO~
Al 5.46 x lO~
Si 1.75 x 10-2

K 1.25 x l0~
Ca 1.00 x
Fe 1.52 x lO~
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TABLE 3.B.l2. (contd)

Nuclei Density,
Material Isotope or Element atoms/barn-cm

Stainless Steel 18 wt% Cr 1.65136 x bO
_2

Density 7.92 g/cm3 74 wt% Fe 6.32077 x 10 2

8 wt% Ni 6.50004 x b0~~
Depleted Uranium 0.25 wt% 235U 1.21398 x lO~~

Density 18.95 g/cm3 99.75 wt% 238U 4.78261 x 10-2

Lead Pb 3.29928 x 1O
_2

Density 11.35 g/cm3

Graphite C 9.030 x io
_2

Density 1.80 g/cm3

Rock Salt Na 2.248 x l0
_2

Density 2.18 g/cm3 Cl 2.248 x lO
_2

Saturated Brine Solution H 5.8871 x bO
_2

Density 1.198 g/cm3 0 2.9435 x io
_2

Na 3.2682 x b0~
Cl 3.2682 x

I

-a-
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ACRONYMS LIST

A-E architect-engineer EPC engineering, procurement , and con-
struccionAAPG Americar Association of Petroleum

Geologists ER environmental report
ACVSF air-cooled vault storage facility ERDA Energy Research and Development

Adm inistrationAEC Atom ic Energy Comis:ioi
ESFS engi neered safety fea tures sys temsAECL Atom ic Energy of Canada , Lim i ted

AFR away from reactor (spent fuel ESFS essential spray pond system
storage) FFTF Fast Flux Test Facility

AGNS Allied General Nuclear Services FP fission product

ALARA as low as reasonably achievable FPF fuel packaging facility
AMAD aerodynamic median activity dia- FRP fuel reprocessing plant

meter FRPF fuel residue packag ing facility
AP activation product FRSSF fuel residue subsurface storage
API American Petroleum Institute facility
APS atmospheric protection system FRVSF fuel residue vault storage fac i li ty
BFRSS Barnwell Fuel Receiv ing and FRW fuel residue waste

Storage Station FSA fuel storage area
BIF bitu men imm obili zation facility FSAR Final Safety Analysis Report
BPPF Barnwel l Plutonium Product Facility FSB fuel storage basin
BTU Br i t i sh thermal unit FTF fuel transfer fac ili ty
BWR boiling water reactor 

FTP fuel transfer platform
CANDU Cana di an heavy wa ter reactor GElS Generi c Env i ronmental Impact
CDC canister decontamination cell Statement

(cubicle) HCF hulls compaction facility
CFR Code of Federal Regula tions HEPA h igh-efficiency particulate air
C1F cement immobilization facility (fil ter)
CRWM Commi ttee on Radioactive Waste HEU highly enriched uranium

Management HLLW high—level liquid waste
CUP cask unloading pool HLW high -level waste
CVCS chemical and volume control s~stem HM heavy metal
CW can i ste red waste HMA hot maintenance area
CWMS Generic Environmenta l HMF hulls melting facilityment on Commercial R~Was te Management , DC~ - . HPF hulls packag ing facility

CWTF cask weld test fad ’ HTD hulls trans fer dev i ce
DCSF dry ca i sso n sto ra ge HTGR high temperature gas—cooled reactor
DF decon tamination factor HVAC heating, vent i lat i on , and air con-

ditioningDOE Department of Energy
IAEA Internat ional Atomic Energy AgencyDOG dissolve r off-gas
IBC in-bed combustionDOP dioctyphtha late
ICPP Idaho Chem ical Processing PlantDOT Department of Transportation
IFSF independent fuel storage facil ity

DTPA d iethylenetr iamine pentaacetic acid
IIPSF independent interim plutonium oxide

ECWS essential cooliny water system s torage fac i li ty



ILLW intermediate-level liquid waste PFRF packaged fuel receiving facility

ILW intermediate—level waste PNL Pacific Northwest Laboratory

INEL Idaho National Engineering POG process off-gas
Laborator y 

PSAR prel iminary safety analysis report
IPSF interim plutonium oxide storage 

PWR pressurized water reactorfacility
R&D research and developmentISFS independent s pent fue l storage
RAA restricted access areaISFSB i ndependen t spent fuel storage

basin RBOF receiving basin for offsi te fuel
Savannah River PlantISFSF i ndependent spent fuel storage

fac i lity RCS reactor coolant system
SCRA storage cask receiving area1/1.4 l imi ted access area
SCSF surface cask storage facilityLEU bow-enriched uranium
SF spent fuelLHD load-haul -dump
SFPF spent fuel packag ing facilityLLW low-level waste
SFRSS spent fuel receiving and storageLN2 l iquid nitrogen sta tion

LSA low specif ic activity SFSF spent fuel storage facility
LWBR light water breeder reactor SHLW solidified high-level waste
LWR l ight water reactor SNM spec ial nuclear material , i.e.,
M&M men and materials enriched uranium and plutonium
MFBM thousand board feet measure SRP Savannah River Plant
MFRP General Elec tric Company ’ s Mi dwest SSC sealed storage cask

Fuel Reprocessing Plant SSCF sealed storage cask facility
MOX FFP mixed oxide fuel fabrication plant TBP tributy l phosphate
MP mine producti on TD theoretical density
MSRE molten salt reactor TN Transnuclear Inc .
MTHM metric ton heavy metal TRU transuranic
NM normal access area TSA transuran ic storage area
NAC Nuclear Assurance Corporation TWCA Teledyne Wahchang Albany
NAS National Academy of Sciences U-F urea-formal dehyde
NASA National Aeronautics and Space VE ventilation exhaustAdm inistration

VOG vessel off-gasNFS Nuclear Fuel Services
WBS water basin storageNHLSW non-high -level solid waste
WBSF water basin storage facilityNLI Nationa l Lead Industries
WBSF-PF water basin storage facility forNRC Nuclear Regulatory Commission packaged fuel

NSSS nuclear steam supp ly system WCC waste calcination cell (cubicle)
NWTS National Waste Terminal Storage WCF waste calcination facility
ORIGEN a computer program to calculate WIPP Waste Isolation Pilot Plantisotopic composition of i rradiated

nuclear fuel WTEB waste tank equipment bui lding

ORNL Oak Ridge National Laboratory WVC waste vitrification cell
ONWI Off i ce of Nuclear Waste Isolation WVF waste vitrification facility

OWl Office of Waste Isolation
P-T partion ing and transmutation
PCWS plant cooling water system
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MEASUREMENT UNITS AND CONVERSIONS

This report preferentially uses the metric system of measurements as defined b.y the
International System of Units (SI). Comon English units are often also included in parentheses.
Prefixes used with the metric units are defined as follows :

Prefix Abbreviation Factor
giga lO~
rnega M 106

kilo k lO~
centi c 10-2

mil li m 10~~
micro p io 6

nano n lO~~
The following lists identify the symbols used in this report and the factors for converting
between the SI and English units.

Symbols for metric units used in this report are:

Symbol Name
oc(a) degree Celsius
d(a) day
g gram
h (or hr) hour
ha hectare
kWh Kilowatt—hou r
J joule
2. liter
m meter
mm minute
M gram-mole/liter
MT metric ton
MW—hr
(or MWh) megawatt-hour
s (or sec) second
W watt

a. Units which are not strictly SI but which
are widely used.



Symbols for other units used in this report are:

Symbol Name
atm atmospheric pressure
BTU British thermal unit
Ci curie

degree Fahrenheit
ft feet
gal gallon
in. inch
lb pound
MFBM thousand board feet measure
psi pounds/square inch
R roentgen
rem roentgen equivalent man
yd yard
yr year

To convert metric to English , multiply by:

Metric tnglish Factor

• ~F (°C x 9/5) + 32
cm inch 0.3937
ha acre 2.47
kg lb 2.205
km mile 0.6214
2. gal 0.2642
m ft 3.281
m2 ft2 10.76
m3 MFBM 0.424
m3 ft3 35.31
m3 gal 264.2
m yd 1.308
MT ton 0.9070
W BTU/hr 3.413
W-s/kg-°C BTU/lb- °F 2.39 x l0~
W/m-°C BTU/hr-ft- °F 0.576



To convert English to metric, multiply by:

English Metric Factor
acre ha 0.405
BTU W-hr 0.2931
BTU/lb-°F W-s/kg—°C 4187
BTU/hr-ft-°F W/m-°C 1.735

°F (°F—32) x 5/9
ft m 0.3048
ft2 m2 0.0929
ft3 m3 0.0283
gal 2. 3.785
gal m3 3.785 x l0~
inches cm 2.540
lb kg 0.4536
mile km 1.609
MFBM m3 2.360
ton MT 1.103
yd3 m3 0.7646
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