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10.1

10.0 WASTE MANAGEMENT SYSTEM

An analysis of the complete waste management system was developed to assess the totol
impact of managing radisactive wastes generated over the entire lifetime of a nuclear power
system. The analysis considers the treatment and disposal of all post-fission TRU.' gaseous
and airborne and decommissioning wastes. Each radioactive waste stream is tracked each year
from its origin through treatment, storage, transport and accumulation in a geologic repository.

The reference system (see Section 3.10) is based on 400 GWe of nuclear power installed in
the year 2000 and produces approximately 10,000 GWe-years of electric energy. An alternative
low-growth projection ha<ed on 255 GWe in the year 2000 is also considered, but for fewer cases.
This system produces approximately 6400 GWe year of electric energy. Capacity additions beyond
the year 2000 are not cunsidered a part of this system. After 40 years of operation each nuclear
power plant is shut down and decommissioned. Thus, the last nuclear power plant is shut down in
the year 2040, The last fuel reprocessing plant is shut down in the year 2044 and dismantled in
the year 2075. Thus, the system operation encompasses a 101-year period from 1975 through 2075.
In addition, the decay of radioactivity in the final repositories is followed over a million year
period. The fuel cycle cases include:

Reference Projection

Case | Once-through cycle - repository available in 1985
Case 2a  Uranium-only recycle with plutonium in the SHLW - repository available in 1985

Case 2b  Uranium only recycle with plutonium stored as PuO2 - repository available
in 1985

Case 3a Uranium and plutonium recycle - repository available in 1985

Case 3b Uranium and plutonium recycle - repository available in 2000

Case 4a** Once-through cycle - repository available in 2000

Case 4a** Defer decision to implement once-through fuel cycle to 2000

Case 4b  Defer decision to implement uranium and plutonium recycle to 2000.

Low-Growth Projection

Case 1 Once-through cycle - repository available in 1985
Case 3a  Uranium and plutonium recycle - repository available in 1985

Further descriptions of these cases are presented in Section 3.1.
Results of calculations reported here for each fuel cycle case include:

gquantities of all treated wastes

radioactivity and heat generation rates of each treated waste component

radioactivity and heat accumulations in repositories by nuclide, waste type and totals
costs for each major waste management function, and

unit power and fuel costs for the total waste management system.

* The term TRU wastes is used here in the broad sense that includes spent fuel in the once-
through cycle and high-level waste in the reprocessing cycles.
** Case da serves a dual purpose,
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10.1 SYSTEM SIMULATION

A fundamental requirement for analyzing the complete waste management system was the devel-
opment of a computer simulation of the system. A computer model consisting of four major modules
was developed for this purpose. The four modules are:

fuel irradiation calculations

fuel cycle logistics calculations
waste processing logistics calculations
waste management impact calculations.

The information flow for this computer simulation is presented in Figure 10.1.1.

INPUT SYSTEM MODULE OUTPUT
REFERENCE OTRJE%'@ SPENT FLEL
::‘:Aw!?:s IRRADIATION cc;r:%%?'ncon
- CALCULATIONS
FUEL CYCLE s%ig%'cﬂu FUEL CYCLE
Paniﬁqstims LOGISTICS mgrgiaw(;g?y:csws
CALCULATIONS i
e
WASTRAC
Paov::ggnc | WASTE PROCES SING vgg&tss::gm
LOGISTICS
PARAMETERS i g 8 COMPOSITIONS
(MPACT
UNIT WASTE MPACT (MPACTS, COSTS
AND COST el | AT O M, AND
FACTORS % sl DATA TABLES

FIGURE 10.1.1. System Simulation Information Flow

10.1.1 Fuel Irradiation Calculations

Development of thie data base for the system simulation starts with preparation of a series
of OR!GEN(] code runs to define the {sotopic composition of the spent fuel. The ORIGEN code
calculates the average composition of the spent fuel ditccharged from a reactor core or core
region based on a set of input parameters that characterize the irradiation conditions. It cal-
culates a complete composition including all fission products, actinides and activation products.
The specific 1ist of fsotopes to be calculated can be selected as an input variable. A set of
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neutron cross sections and spectral indices were used that had been calibrated to match results
of empirically measured spent fuel compositions. [lsotopic data were calculated for 175 nuclides,
including all significant fission products, activation products and actinides.

Twenty-eight ORIGEN cases representing both PWR and BWR fuel irradiations describe the
spent fuel compositions for all of the fuel cycle alternatives. These cases are fdentified in
Table 10.1.1 and include separate cases for each enrichment zone of the initial cores, a first
reload and equilibrium reload fuel batch and three recycle fuel batches for both uranium and

plutonium recycle.

In addition, the low exposure fuel batches remaining when a plant is shut

down for decomnmissioning are described.
down without recycle fuel in the core.

Whether recycling or not, all plants start up and shut
Recycle of either uranium or plutonium is Timited to

equilibrium fuel reloads and the amount of either recycle fuel in any year is limited to 50% of
the equilibrium reload fuel.

TABLE 10.1.1. ORIGEN Cases(?)

PWE Plants AWR Flants
Once- U=nly U8 Py Fuel Once- Uslinly Ut P Fuel
Ihrough  Recye le Recycle  Exposure  Through Rocye 1o Bocycle  Exposure
Cases Cases Coses MAD /MTHM (aoes Cases Caups MW(i/MTHM
¢t Discharge | | ] 15 0060 { 6 f vﬁmm
ind Disgharge ; 2 ¢ 25,000 7 ' ! 17,060
ird Pischarge i 3 3 31,000 B 8 B 20,000
Ath Didgharge NA NA NA NA 9 W g 21 000
Ist Reload 4 a 4 13,000 10 16 10 6,000
Equil. Reload 5 b 5 13,000 i 1 11 27.000
ist U Recyele NA 1 12 13,000 MA 15 |¢ 27,000
2nd U Recycle NA " 13 13,001 HA 1 6 27,000
drd U Recyele NA 14 4 33.000 NA UK 17 27.000
15¢ Pu Recycle KA NA I 13,800 NA NA 2! 27,000
et Pu Recycle NA NA 19 33,000 NA NA 2¢ #7,000
Jrd Pu weoye le N NA 20 13,000 NA A 23 21,000
Shutdows Zone ) 24 24 24 11,000 26 6 26 7,000
Shutdown Zone ? 28 28 2h 27,000 27 27 21 13,000
Shutdown Jong 1 NA NA NA NA 28 28 2K 20,000

NA = Not Applicable

a. These ORIGEN case numhers Should nol be confused with the fael cycle system case numbers used
elsowhare

By combining these data in appropriate combinations to match the operating status of all
p]ants.1n the system and the amount of uranium and plutonium available for recycle, the spent
fuel composition in any year can be determined. This one set of ORIGEN data is used to describe
the spent fuel composition without recycle or when recycling either uranium or plutonium or
both.

The number of recycles for either uranium or plutonium is lTimited to three. However, the
amount of third recycle uranium and plutonium is smal). In addition, the accumulation of Z“EPu
in the third recycle plutonium discharge reduces 1ts value substantially. Thus, to simplify the
calculation, the discharge from third recycle fuel is discarded.
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This method of using a relatively small number of fuel irradiation (burnup) calculations
to characterize a Targe number of spent fuel combinations provides an efficient and reasonably
accurate representation of spent fuel compositions year by year for the entire system.

10.1.2 Fuel Cycle Logistics

A computer code (ENFIRM), developed prior to this study, was used tu analyze fuel cycle
Togistics. ENFORM was dcveloped to evaluate environmental impacts of the entire fuel cycle.

However, only the fuel cycle logistics capabilities were used here as input to a separate module,

developed during this study, to determine waste management fmpacts in detail. The ENFORM code
has a capability to produce detailed material and isotopic flows in a nuclear fuel cycle as a
function of time. A more complete description of the code's capabilities can be found in
reference 2,

Essential ENFORM input information includes :

a nuclear power growth projection

an operating schedule for the nuclear power plants

recycle assumptions, i.e., once-through cycle, U-only recycle or Pu & U recycle
a fue! reprocessing schedule

inventory and timing assumptions for the entire fuel cycle

spent fuel compositions as calculated by ORIGEN.

The output of the fuel cycle logistics calculation is the detailed year by year mass and
isotopic flow for each operation in the fuel cycle considered. The fuel cycle, as used in
ENFORM, 15 displayed in Figure 10.1.2. Each operation in the fuel cycle (mining, milling,
conversion, enrichment, irradiation, and reprocessing) has been generically modeled by ENFORM,
Reprocessing is optional in the fuel cycle model, so scenarios with ne recycle, with only
uranium recycle, or with both uranium and plutonium recycle can be modeled, The timing for
each process in the fuel cycle is an input variable.

The reference nuclear power growth projection, the electric energy generated, and the
annual and cumulative total spent fuel discharges are shown in Table 3.10.1. Each nuclear

power plant is assumed to start up at 40% of capacity, increase to 70% in the fourth year, oper=

ate at 70% for 22 years and then decline linearly until the plant shuts down at 40% of capacity
in 1. “ortieth year. The resulting average system capacity factor was also shown in Table 3.10.1.

The low-growth projection is shown in Table 3.10.2. The system is composed of one-third BWRS
and two-thirds PWRs,

10.7.3 Waste Processing Logistics

The fuel cycle logistics information produced by ENFORM describes the various waste streams.
The computer code WASTRAC was developed for this analysis to model the storage, treatment, patck«-

aging, shipment and disposal of each waste stream, Figure 10.1.3 illustrates the waste manage-

ment steps and the items calculated in a typicul WASTRAC subsystem. Waste management steps

can be added or deleted as required to model a specific subsystem. Thirty-nine different waste

categories are used and the management of each of these categories s represented by a generic
waste management subsystem similar to that displayed in Figure 10.1.3.
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WASTRAC computes waste volume and waste isotopics (quantity of each radionuclide). Waste
volume is a function of year, waste type, and waste management step. To i)lustrate WASTRAL
operational steps, let:

Y = system year
N = wiste type
F = fuel cycle process, i.e., spent fuel packaging, fuel reprocessing, etc.

The Untreated Waste Volume is computed as

i Untreated wWaste Volume
(Untreated Waste \mlume)v,r‘N (MT Fuel)y’F ( el ) ' (1)
The treated waste volume is
& / .
(Treated Waste vOlume)Y’F'N (Untreated Waste \olume)v'r'n (2)

( Treated Volume )
Untreated Volume N
Al

In equations (1) and (2) above the (MT Fuel) variable is a function of system year and fuel cycle

process and is obtained from ENFORM, The UntreategTugzzg Volume) variable is a function of

waste type and fuel cycle process while the (uligzzfng3;¥ﬂﬁe

type, and fuel cycle process and reflects the selection of a specific waste treatment alterna-

)ratio is a function of waste

tive.

The waste isotopics, or quantity of each radionuclide contained in each waste type, is
dependent on system year, fuel cycle process, waste type, and waste management step. Thus,
for each isotope (1), 1ts quantity in each waste stream is

(Waste C“ries)x,v.r,u,n = (Fuel (:\.(ri.es)x’v’F . (3)

(Nthe Curies

Fuel Curies 1LF N' (Uecay Fuctor)]’év

Where M = waste management step
AY = time difference between time of fuel cycle process and time of accounting at step M.

In equation (3) above, the (Fuel Curies) variable is the quantity of a radionuclide in the fuel

when processed and is a function of isotope, system year, and fuel process. It is obtained

from the fuel cycle logistics data and is corrected in ENFORM for decay between discharge and
waste Curies .

process, The (FUET~EGFTes ) fraction is dependent on isotope, fuel cycle process and waste type.

The decay term in equation (3) accounts for radioactive decay or buildu) during the waste manage-

ment process or after waste is placed in the repository.
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The output of WASTRAC is the waste volume and curies of each isotope in each waste stream
at each step in the waste management system, Each treated waste stream is classified by con-
tainer type and by the surface dose class for the treated waste containers.

10.1.4 Waste Management Impact and Cost Calculations

The final step in the system simulation uses the time dependent waste logistics data from
WASTRAC to calculate the waste management impact and costs and to compile results in a series
of tables., The computer code IMPACT has been developed to perform these functions.

IMPACT calculates isotopic releases and 70-year population radiation doses for each waste
type, and waste management step. As before, let

isotope

= year

= waste type

* waste management step
fuel cycle process

" EEE =X =

Then

(Curies Re,-leas.ed)l'Y'F‘N.M + (Waste Curies)xiv'r.N'M . (4)

Curies Released
Waste Curies

) 1,F NM

The (Waste Curies) variable is obtained from the waste processing logistics calculation (WASTRAC).
" ; Curies Released) . :

The isotope release fraction, “ﬁi?ﬁ??ﬁ??i?"’ is dependent on isotope, fuel cycle process,

waste type, and waste management step,

IMPACT calculates regional dose commitment to whole body, bone, lungs, and thyroid. IMPACT
also calculates worldwide dose commitment for release of 3H. ]AC. and Bsxr. To 11lustrate the
dose calculation, let D = dose type then dose is calculated as

(DOSE)I,Y.F.N.M.D = (Curies Released)l‘v'r‘N.M . (5)

(Badiation Dose)
elease 1.F.D

Results of the radiation dose calculations are presented in DOE/ET-0029.

Four types of waste management costs are computed by IMPACT; treatment costs, interim
waste storage costs, transportation costs, and repository costs.

The treatment costs are based on the fuel cycle process throughput.

(Treatment Cfas;t)v.,;'N = (MT l’uel)Y'r . (Ifa%ﬁgszt i) o (6)
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The unit cost (F£a$!?§g%~§) is a function of process and waste type and is assumed fixed over
time.

Transportation and repository costs are based on the number of waste containers shipped
to repository.

| (Treated Waste Volume), ¢ o
(Transportation Cost)y ¢ o = 77 vFa

reated Waste VoThme) ) (7)

Container Y.F.N

(Transportation Q)
Container FN

(Treated Waste Volume)Y FN
2T ¥

(TFhated'Haste‘VﬁTume)
; Container Y. FN

(Repository Cost)Y FN " (Transggrta o 3) ¢ (8)
A . N
’

Contaim '

The volume per container variable (Trea;ggn::§::rvOlume) s a function of pacess and waste

1
:
:
:
l
1
type, and in the case of high-level waste 1t is also & function of system year. The high-levei
|

waste volume per container varies over time because it is limited by the thermal criteria at
Transportation $
ontainer

the geologic repository. The unit repository and transportation cost, and

(Fggg%%%%ﬁéFé)’ are dependent on fuel cycle process and waste type.

The interim waste storage cost is computed as

{Treated Waste Volume) YLF N

(Treatad ﬂbste‘VoTume)
Container

. (8)

| (Interim Waste Storage Cost)y o s

Y F N

1 i
(s e 1y

y The unit interim waste storage costs (lnteggﬂtifgz:ge S) is & function of waste type and,

if stored at its origin, fuel cycle process. They are based on the cost for an average period.

F.N

The IMPACT program also organizes the results of the calculations, sums up annual and
; cumulative totals at 5-year intervals and prepares a series of tables to display the results.
l Both undiscounted and present worth*® costs are calculated. Levelized unit power costs and
1 levelized unit fuel costs of waste management are also calculated.

| * Present worth discounting is a method of allowing for the time value of money. The present

’ worth may be thought of as a present sum of money equivalent to a specified future payment or
receipt or to a series of future payments or receipts. The present worth of a series of pay-

[ ments is obtained by summing the product of :ach annual payment times the gquantity

T+
where 1 equals the interest rate or discount rate and n is the number of years from the present |
to the time of the payment.
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Figure 10.1.4 schematically illustrates the relationship between the cash flow of the
individual waste management system components and the discounting procedures. There are two
similar but distinctly different applicai’ons of discounting techniques used in the develop-
ment of the equivalent electric power and fuel cost of waste management. First a present
worth levelizing technique is used to develop unit costs, i.e., cost per unit of spent fuel,
for each waste management function. Second, a separate present worth levelizing technique
is used to convert waste management costs to equivalent electric power and fuel costs,

The boxes in the lower part of Figure 10.1.4 illustrate the functions that contribute to
the total waste management system costs. The additional detail under the treatment unit costs
box indicate the flow of dollars and materials that are factored into the development of unit
costs. For any single waste management function all of the cash flows are present worth dis-
counted to a common starting point. The levelized unit cost for that function is then cal-
culated by the relationship

! . _ (Sum of present worth costs
Unit Cost = moumi of present worth throughput

which is derived from the fundamental relationship for a profitable venture.
(Sum of present worth revenues) = (Sum of present worth costs)

by solving for unit cost where
(Sum of present worth revenue) = (unit cost) x (Sum of present worth throughput)

The unit cost developed by this procedure represents the single charge that can be assessed for
the waste management function over the 1ife of the facility that will recover all expenditures
plus a return (the discount rate) on any unrecovered investment during the life of the facility.
The sum of all of the separate waste management system unit costs represents the total waste
management system unit costs,

The accumulation of the waste management costs over a period of time following generation
of power is also illustrated in Figure 10.1.4. It is assumed that all waste management costs
whether the services are provided by private industry or by the government, will be borne by
the consumers of the electric energy generated by the nuclear power facility. Thus, the waste
management costs will be reflected as an increase in cost of power. The equivalent power costs
of waste management can be obtained by discounting the costs of the individua) waste management
functions to the time of power generation, summing them all and dividing by the kilowatt hours
of electric energy produced during the generation of waste. In other words, money is collected
from the rate payers to cover the cost of waste man. gement at the time the electricity is
generated. The amount collected is somewhat less, depending on the discount rate, than the
costs of waste management will be when it is actually incurred. This allows the utiiity to earn
a return on this money during this period so that a sufficient fund accumulates to pay for the
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10.2.1

10.2  INPUT DATA FOR THE SYSTEM

The input daca for the waste management system calculations in the WASTRAC and IMPACT
computer programs were derived from waste management technology analyses presented in Sections 4
through B. The essential data for these calculatons have been consolidated and classified in
four series of tables referred to as data sheets in Appendix 10.A. These four series of
tables include

® Waste Treatment Data Sheets
® Waste Storage Data Sheets
e Decommissioning Data Sheets
® Unit Cost Data Sheets.

10.2.1 MWaste Treatment Data Sheets

The wiste treatment data is compiled in a series of 33 data sheets in Appendix 10.A. An
index at the front of these data sheets provides a guide to their application indicating the fuel
cycle option that the data apply to and whether the treatment is a reference process or one of
the alternctives, The data sheets are classified by waste type, treatment alternative and fuel
cycle case,

The Waste Treatmect Data Sheets provide the following information:

the fraction of spent fuel radionuclides in each waste component

the fraction of radionuclides released to the atmosphere during treatment
volume of untreated and treated waste/MTHM including secondary wastes

the type of container used and its volume

the number of treated waste containers/MTHM classified by surface dose category,

The data relating to treated waste quantities contained in the Waste Treatment Data Sheets
are summarized on Tables 10.2.1 through 10.2.4. Table 10.2.1 shows the container type, the
number of containers/2000 MTHM and the average surface dose rate for all treatment processes in
the reference system. Table 10.2.2 compares similar data for the alternative treatment with the
reference treatment for high-level waste and fuel residue (hulls and hardware). Table 10.2.3
compares treated waste quantities produced by minimum treatment of combustibles with incineration
of combustibles and compares cement immobilization with bitumen immobilization of wet wastes and
incineration products. Table 10.2.4 compares the same processes for the MOX-FFP wastes.

10.2.2 Waste Storage Data Sheets

The waste storage data are tabulated on a series of 10 data sheets. An index in the front
of these tables provides a guide to the fuel cycle rase to which they apply and indicates whether
the storage option is in the reference system or one of the alternatives. The information on
these Waste Storage Data Sheets inlcudes

e the total radionuclide content of the waste being stored
e the radionuclide release fraction to the atmosphere during storage.
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TABLE 10.2.1, Packaged Wastes from Reference U and Pu Recycle System
(Wastes from Off-Gas Treatment as Well

From FRP
Vitrified HLW
Fuel residue
Failed equipment

Noncombustible
waste

Dissolver off-gas
Krypton
Silica gel
Silver zeolite
Calcium carbonate
Cement immobilized
Wet waste
Incinerator ash

Incinerator
scrub solution

Filter media

From MOX FFP
Failed equipment

Noncombustible
waste

Cement immobilized

Incinerator ash
and scrub solution

Wet waste
Filter media

ST NPV ————

a, Unless specified otherwise, canister is 75 ¢m x 3 m, box 45 1.2 x 1.8 x 1.8 m,

drum is a standard

b. Average surface dose rate of the containers within the given grouping.

T S S P e ——

10.2,2

ggn;ainer(‘)

(d)

Canister
Canister

Canister
Drum
Canister
Drum
gg:(e)

Drum
Drum
Drum(e)
Drum
Drum
Drum(E)

Gas cylinder
Drum
Drum
Drum

Drum
Drum
Drum

Drum

Box
Drum

Drum
Drum

Drum

E5-gal drum,

6 TRU Wastes)

Surface Dgse, Container/

'deﬁ 2000 MTHM(C)
Very high 660
High 480
4 4
2 26
0.7 67
0.7 446
g1 % 50
6 x 10 10
310 400
7 1,940
0.6 6
0.5 1,500
0.1 430
0.01 52
700 145
265 2.4
3x 1070 32
<1 x 1070 10
280 2,526
n 830
0.08 2,230
130 400
5 x 10°° 20
1 x 1073 304

-

2 x 107" 1,070
1 x 1078 584
0.01 50

The

groupings are based on type of waste, on the container used to contain the

waste, on the location at which the waste is generated and on the dose class.
The dose classes used in this study are <0.2, 0.2-1, 1-10 and »10 R/hr.
The listed numbers therefore correspond to the
estimated annual outputs of a 2000 MTHM/yr FRP and a 400 MTHM/yr MOX FFP

¢. Based on MTHM reprocessed.

respectively.
d. 30 cm x 3 m caniste

r.

e. Contains waste originating in the PuO2 conversion facility.



B R R | R I R R R R O R R R R RN EREOE= ™= A A — Ry wa—— R S S - C—

10.2.3

TABLE 10.2.2. Packaged Wastes Resulting from Alternative HLW and
Fuel Residue Treatment Processes

(a) Container/

Treated Waste . Canister dia, cm' ™’ 2000 MTHM
Vitrified HLW 30 660
Calcined HLW 20 684
Fuel hulls and hardware 75 480

together

Fuel hardware alone 75 84
Compacted hulls 75 198
Melted hulls 75 109

a, Canister length of 13 m in all cases

10.2.3 Decommissioning Waste Data Sheets

The Decommissioning Waste Data Sheets are similar to the Waste Treatment Data Sheets and
provide information on the TRU wastes resulting from decommissioning an FRP and a MOX-FFP. The
radionuclide content in the waste is expressed as a fraction of the amount present in the facility
at the time of decommissioning rather than a fraction of the activity in the spent fuel, and the
number of containers is expressed as the number per decommissioned facility rather than per MTHM,

10.2.4 Waste Management System Unit Costs

The unit costs for all of the waste management functions are tabulated in a series of 7
Unit Costs Data Sheets, It should be noted that all cost data in this system has been escalated
from mid-1976 dollar values used in the previous sections of this report to mid-1978 dollar
values using a factor of 1,17,

Each Unit Cost Data Sheet is identified by the applicable waste management step and fuel
cycle. The data sheets for waste treatment costs include information on;
® waste type
source of the waste
treatment alternative
container description
unit cost in $/kghHM and $/container for both reference and alternative treatments.

For the waste storage costs, similar data are provided. Geologic repository cost data are also
similar but, in addition, geologic medium is specified.

The waste transportation costs are provided in somewhat different format. This information
inlcudes:
® waste type
container description
origin and destination
distance shipped
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' TABLE 10.2.3. Packaged Wastes Resulting from Alternative Wet Waste and
‘ Combustible Waste Treatment Processes at an fkP

; % Surface( ) Conta1nef )
| ‘reated Waste - Dose, R/hr'’ 2000 MTHM\D)
‘ Cement Immobilization with Incineration of Combug_tjp_l_g_s
? Immobilized
| Wet waste 280 2,526
Incinerator ash n 830
Incinerator scrub solution 0.05 2,230
Filter media 130 400
Cement Immobilization with Minimum Treatment of Combustibles
Immobilized wet waste 280 2,600
Filters 140 2,900'¢)
Combustible waste 6 6,480
0.6 720
3 x 1073 12,000
Bitumen Immobilization with Incineration of Combustibles
Inmobi11zed
Wet waste 1370 686
Incinerator ash 50 294
Wet waste 0.35 660
Incinerator scrub solution 0.24 830
Wet waste 0.13 42
Filter media 130 400
Bitumen Immobilization with Minimum Treatment of Combustibles
Inviobilized wet waste 1370 728
0.35 660
0.13 42
Filters 140 2,900'¢)
Combustible waste 6 6,480
0.6 720
3 x 1073 12,000
v a. Average surface dose rate of the containers within the given grouping.

b. Container is 55-gal drum unless ind1cated otherwise.
¢. Container is 80-gal drum.

® transportation mode, i.e., truck or rail
® unit costs in $/kgHM and $/container,

A consolidated summary of the reference system unit cost data for the four basic
fuel cycle cases 1s presented in Table 10.2.5.
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TABLE 10.2.5. Waste Management Unit Cost Data Summary, $/kgHM

Fuel Cycle
Uince- U-Bnly Recycle “Uand Pu

through Pu to HLW  Pu stored Recycle
(case 1) (case 2a) (case 2b) (case 3)

One year storage of spent fuel at FRpP - 12 12 12
1 Six-year cooling of spent fuel“’ 44 - - -
' Spent fuel packaging 17 - - -
All spent fuel shippin? 51 19 19 19
Waste treatment at FRPP) . 67 67 67
Interim waste storage at FRP(C) - 18 18 18
5 Waste treatment at MOX-FFP . . - 4
f Interim waste storage at MOX-FFp'C) - . » 1
FRP waste shipment to repository - 9 g 9
MOX-FFP waste shipment to repository - - - <1
PuO2 shipment to interim storage - - 1 -
Independent site Pu02 storage - - 19 -
Repository 52 _56 42 48
Total 164 181 187 178

a. Comprised of 75% storage at reactor and 233 storage at ISFSF.
b. Includes S-year SHLW storage and 50-year 85kr storage at the FRP.
¢. Required only when geologic repository is not available.

Unit costs are sunmed together in this table for major categories of storage, treatment, trans-
portation, and final repository for each of four cases; Case 1, 2A, 2B, and 3. Total unit cr* 3
in the system calculation will vary from the total unit costs shown here, primarily because ¢
differences in storage requirements and differences that resu:t when discount rates are employed.

Three different interest or discount rates are used in the waste management system cost

analysiz. A1l values in the cost analysi ‘¢ in 1978 constant dollars and the rates are
| intended to represent constant dollar or interest rates. The rates are based on recent
| average rates after consideration of the et of inflation and risk premiums suitable for
investments in nuclear power waste manageme: ilities. The three rates are:
1. Cost of money to the private fuel cycle itry, 10 #4%, This rate was used in development

|
| of unit costs for waste treatment, transpe tion, and some storage facilities.
I

2. Cost of money to the federal government, 7 + -7%. This rate was used to develop the
unit costs for a final repository and some storage facilities,

3. Cost of money to the electric utility industry. This rate was used to calculate the
waste management equivalent power cost and equivalent fuel cost. Waste management costs
are assumed to be recovered from the consumers of the electricity at the time the electric
power is generated. The waste management costs to the utility are not incurred, however,
until some time later, and the money collected at the time of power sales can earn a
return for the utility, thus reducing power costs. The appropriate interest or discount
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rate to be used here is the average real return to the utility after inflation and
excluding any additional risk premium. This rate is believed to lie beiween 0 and 7%, but
costs are also calculated using a 10% rate to show the effect of higher discount rates.

The uncertainty range in these discount rates was factored into the uncertainty range estimates
for the individual unit cost components. For a further discussion of the derivation of these
interest rates see Section 3.8.
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i 10.3 TOTAL SYSTEM WASTE QUANTITIES AND RADIUACTIVITY

| This section describes the spent fuel logistics and total quantities of TRU waste processed
in the entire waste management system including the number of containers of each type of waste,
average radioactivity and heat generation rates. In addition, the total accumulation of radio-
activity in all repositories is identified and its decay is tracked over a million-year period.

10.3.1 Spent Fuel Logistics

Spent fuel logistics, i.e., movement and inventory accumulations are detailed in a series
of six tables in Appendix 108.

Table 10.B.1 describes the spent fuel logistics for Case 1, the once-through fuel cycle,
It is assumed that 75% of the unpackaged spent fuel storage recuirements can be accommodated
in existing nuclear power plant storage basins with 25% stored in large independent storage
facilities. A geologic repository is assumed to be available in 1985, at which time fuel that
is at least 6.5 years old is packaged and shipped to the repository. Initially the shipments
to the repository are restricted to the production from a single 2000-MTHM/yr packaging facility.
In the first and second years the packaging facility operates at one-third and two-thirds of
capacity, respectively. A second packaging facility is started up 1h.1990, after which deliveries
to repositories are limited by availability of 6.5-year-old fuel. The last nuclear power plant
is shut down in 2040 and the last fuel is delivered to a repository in the year 2047.

Table 10.B.2 describes the spent fuel logistics for the Case 2 and 3 reprocessing fuel
cycles. Spent fuel logistics are identical for Cases 2A, 28, 3A and 3B. Reprocessing is assumed
to start in 1981 with a 1500-MTHM/yr plant operating at one-third and two-thirds capacity in the
first and second years respectively. A second reprocessing plant with a 2000-MTHM/yr capacity
starts up in 1985 at one-third and two-thirds capacity in the first and second years. Three
additional plants are started up, as spent fuel beconic. available to sustain their operation,
in 1990, 1997, an 2020, Replacement plants are started in 2013, 2015, and 2032 as earlier plants
shut down after a 30-year operating period. No more than five plants are ever operating at the
same time. The storage requirement for spent fuel is less than half the spent fuel storage
requirement in Case 1 and it is assumed that the spent fuel storage can all be accommodated in
nuc!ear power plant basins.

Table 10.B.3 describes the spent fuel logistics for Case 4A where the decision to implement
the once-through cycle is deferred until the year 2000. Spent fuel packaging is initiated at the
same time as in Case 1 but the packaged spent fuel is sent to an extended storage facility such
as air-cooled vault or dry caissen facility rather than to a geologic repository. It is assumed
that a geologic repository becomes available some time prior to the year 2000 and that following

! a decision to dispose of the spent fuel in the year 2000 the spent fuel can begin moving imme-

‘ diately to the repository. Deliveries to the repository are restricted to 3,000 MT the first
year and reach a maximum handling rate of 12,000 MT/yr four years later. To avoid adding addi-
tional interim storage capacity, preference for delivery to repository is given to the freshly
packaged fuel; thus, the accumulated storage inventory of packaged spent fuel is reduced only
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10.3.2 Waste Containers to Repositories

The number of waste containers, the average activity in these containers, and the average
heat generation rate of these containers are described in a series of 52 tables in Appendix 10C.
The tables are grouped by fuel cycle case and show annual guantities at 5-year intervals. For
each fuel cycle case, one table shows annual and cumulative numbers of containers being sent to
the repository. A second table shows average radioactivity in these containers and a third
table shows average heat generation rates for these containers. A fourth tabie for the repro-
cessing cases shows the number and type of TRU waste containers held in interim storage.

In the reprocessing cases four additional tables are provided to describe the high-level
waste container sizes, the nuiber of containers, radioactivity, and heat generation rates, after
adjustment of container sizes to meet the thermal criteria limits in each of the four alterna-
tive geologic repository media. To meet the thermal criteria limit on high-level waste con-
tainers placed in geologic repositories (see Section 7.3), the quantity of high-level waste in
any one container is controlled by adjusting the size of the canisters.

Table 10.3.1 shows the total number of TRU waste containers, excluding the high-leve! waste
containers, sent to repositories in all nine fuel cycle cases. For the once-through cases with
the reference nuclear power growth projection (Cases 1 and 4A), the total number of spent fuel
canisters is the same for both cases although the time of delivery is different. 1n the low-
growth once-througn cycle case, the number of spent fuel canisters is proportional to the total
electric power generated or approximately 64% of the reference case. In the reprocessing cases,
except for the low growth case, there aro only small differences between cases in the number of
non-high-level waste containers. The differences arise because:

e in Case 2A, uranium only recycle with PuO2 in HLW, there is no conversion of PU(N03)4 to
Pu02 and the quantity of low-activity waste from that process is eliminated.

® in Case 2B, uranium-only recycle with Pu02 stored, there is a small amount of additional
Jow activity waste for the Pu conversion operation but still less than in the plutonium
recycle case because there are no MOX FFP plant wastes.

e Cases 3A and 38 produce identical gquantities of waste. Only the timing of delivery to
the repositories is different.

e in Case 4B, deferred U and Pu recycle low-level wastes are reduced because the total amount
of plutonium recycle is reduced since the nuclear power plants are shut down before the
piutonium can be recycled in quantities equivalent to Case 30 or 3B.

e the wastes produced in Case 3LG are proportional to the relative electrical energy gen-
eiated or approximately 641 of the wastes in Case 3A.

Twle 10.3.2 compares the total number of high-level waste containers sent to repositories
in the '1x reprocessing cases for each of the geologic medium alternatives. The number of high-
leve)l v4ste containers 1s roughly inversely proportional to the thermal limit on high-level waste
caniste“s in each geologic medium. This relationship is rui ccact, however, because the canister
sizes u»re varied in 2-inch increments, and generally, the adjusted heat rates with reduced cani-
ster st.es were well below the thermal limits (See Table 7.3.3 for canister thermal load 1imits).

cnP R A2




TABLE 10.3.1. Total TRU-Waste Cuntainers Sent to Repositories (Excluding HLW}

80 Gal
_s_ﬁt Fue! Canister Canister 55 Gal Drum Drums Box

Case RN T-10 ®hr - L.2-T R7hr 0+ R/hr 1-T0 R/hr 0.2-1 R/hr  0-0.2 R/hr 002 Whr O-0.2 R/Ar
] 7277 x 10°  5.08 x 10°
28 9.07 x 10 759 x 108 127 x10 795 x10° 3.73x10° 3.66x10° 6.82xi0° 2.69x 100 1.3 x 700
P 9.07 x 10° 759 x10° 1.27 x 16% B.03x10° 3.73x10° 3.67 x 10° 5.9 x 10° 2.69 x 107 1.32 x 10°
3 9.07 x 0% 7.59 x 10° 1.27x 10 BO3x10° 3.73x10° 3.67x10° 1.20 x10° 269 x10  1.80x10%
8 9.07 x 107 759 x 102 1.27x10% B.03x10° 3.73x10° 367x10° 1.21x10° 269 x 0% 1.8 x 10°
A 7.77 x10°  5.08 x 10°
a8 9.07x 10 759 x10° 1.227x10% 8.03x10° 373x10° 367 x10° 8.49x10° 2.6 x10°  1.28 x 20*
WG  4.95 x 10°  3.22 x 10°
A6 578 x 10° 488 x 108 811 x10° 512x10° 2.38x10° 2.3 x10° 825 x10° 2.69x W0 1.20 x 10t
Note: Case ! = Once-Through

Case 2A = U-Only Recycle, Pu in HLW

Case 28 = U-Only Recycle, Pu Stored

Case 3A = U & Pu Recycle

Case 38 = U B Pu Recycle, Delayed Repository

Case 4A = Once-Through, Delayed Repository or Deferred Decision

Case 48 = U & Pu Recycle, Deferred Decision
Case L6 = Low-Growth, Once-Through
Case 3L6 = Low-Growth, U 8 Pu Recycle

P EOL
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TABLE 10.3.2. Comparison of Total HLW Containers Sent to
Repositories for Four Different Geologic

Media
, Geologic Medium
: Case _Salt Granite Shale Basalt
2A 1.77 x 10° 410 x 10° 497 x 10° 4,96 x 10°
28 1.56 x 10° 2,79 x 10°  4.84 x 10°  4.71 x 10°
3A 1.92 x 10°  4.29 x 10°  5.06 x 10°  4.92 x 10°
38 1.96 x 10°  3.77 x10°  5.10x 10°  6.00 x 10°
a8 1.25 x 10°  2.08 x 10°  3.06 x 10° 2.7 x 10°
L6 1.12 x 10°
Note: Case 1 = Once~Through
Case 2A = U-Only Recycle, Pu in HLLW
Case 28 = U-Only Recycle, Pu Stored
Case 3JA = 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

10.3.3 Radioactivity in Repositories

Detailed tabulations of radioactivity accumulation in all repositories for the entire
waste management system and the decay of these accumulations over a million-year period are
shown in a series of 90 tables in Appendix 10D. The tables are grouped by fuel-cycle case and
there are 10 tables for each case. The first five tables detail the radioactivity by fission
and activation products, by actinide nuclides, and by waste classifications. The next five
tables in each set detail similar information on heat generation from these radionuclides.

Tables 10.3.3 and 10.3.4 summarize the total fission and activation product and actinide
radioactivity in year 2000, 2050, and at increasing intervals thereafter to one million years.
Tables 10.3.5 and 10,3.6 show parallel data on total heat accumulations 1n the repositories.
For the seven cases employing the reference nuclear power growth projection, there are only
very minor differences in total fission and activation product activity except in year 2000
where the effect of the delays in cases 38, 4A, and 4B reduces the activity. This is because
there are only very small differences in fission product and activation product yields from
uranium or plutonium fissioning. The activity for the two low-growth cases 1s proportional to
the energy generated or approximately 64% of the activity in the reference cases.



10.3.6

TABLE 10.3.3. Tota) Fission and Activation Product Radioactivity Accumulations

in A1l Repositories, Ci

Year - Geologic Time (Years Beyond 1975)
Case 2000 2050 , 000 10,000 100,0

1 126 x 1010 5.00 x 10'0 8.28 x 105 7.58 x 10%  5.51 x 10°
2n  1.06x 100 4.95 x 100 g.44 x 105 7.65 x 10° 5.52 x 10°
28 1.0 x 100 4.95x 100 8.8 x 105 7.65 x 10° 5.52 x 10°
M 1.03x 100 474 x 10" 8.20 x 108 7.53 x 10°  5.46 x 10°
% 163 x10° 474 x 100 8.2 x 108 7.53 x 105 5.46 x 10°
M 1.79 x 10°  5.08 x 1010 8.24 x 105 7.58 x 10° 551 x 10°
a8 e 485 x 100 g.41 x 105 7.63 x 108 5.51 x 10°
e 1,02 x10'° 2.07 x 100 525 x 10°  4.83 x 10°  3.51 x 16°
e 8.32x10°  2.90 x 10'0 5.20 x 10®  4.80 x 10° 3.48 x 10°

,300,0

1.09 x 10°
1.13 x 108
1.13 x 108
.11 x 10°
1.11 x 108
1.09 x 10°
1.12 x 108
6.93 x 10°
7.06 x 10°

Note: Case 1 = Once-Through
Case 2A = U-Only Recycle, Pu in HLW
Case 2B = U-Only Recycle, Pu Stored
Case 3A = U & Pu Recycle
Case 38 = U & Pu Recycle, Delayed Repository
Case 4 = Once-Through, Delayed Repository or Deferred Decision
Case 48 = U & Pu Recycle, Deferred Decision
Case 1.6 = Low-Growth, Once-Through
Case 3LG = Low-Growth, U & Pu Recycle
TABLE 10.3.4. Total Actinide Radioactivity Accumulations in all Repositories, Ci
Year ] Geologic Time (Years Beyond 1975 B
Case 2600 G50 Y000 "E“Tﬁﬁiiri""ﬁfiifﬁﬁr""’T%ﬁﬁﬁ?bdd
| 327 x 1060 9.90 x 10 5.97 x 108 1.52 x 108 1.35 x 107 5.99 x 10°
on 2.9 x10°  1.05x 100 597 x 108 1.53x 108 1.32 x 107 5.24 x 10°
2w 9.73x10 4.3 x10® 633x10 7.1 x105 .63 x10% 2.2 x 10°
s 2.07 x 18 2.30x 100 1,99 x 108 3.49 x 107 2.58 x 10°  2.79 x 10°
w420 x 10 2.30 x10°  1.99 x 10®  3.49 x 107 2.8 x 10° 2.79 x 10°
463 x 108 9.91 x10°  5.97 x 10 1.52x10% 1.35 x 107 5.99 x 10°
4B o 181 x 100 2.68 x 10® 1.38 x 107 2.20 x 10® 3.1 x 10°
e 2.68 x 10°  5.94 x 10°  3.80 x 108 9.68 x 107  8.60 x 10° 3.82 x 10°
we  1.50 x 168 1.40x10° 1.3 x 108 215 x10” 166 x 105 1.84 x 10°

Note: Case 1 = Once-Through

Case 2A = U-Only Recycle, Pu in HLW

Case 2B = 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 48 = U & Pu Recycle, Deferred Decision

Case 1LG = Low-Growth, Once-Through

Case 3LG = Low-Growth, U & Pu Recycle
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10.3.7

TABLE 10.3.5. Total Fission and Activation Proruct Heat Accumulations in
all Repositories, Watts
Year Geologic Time (Years Beyond 1975)

Case 2000 7050 1,060 10,000 100,000 1,000,000
| a0 x 107 1.57 x 10® 1,93 x10° 1.79 x 10°  1.09 x 10 5.43 x 10°
A 3.50x 100 1.55x 108 1.9 x 10 1.27 x 0% 1.08 x 10 5.50 x 10
28  3.50x10 1.55x10% 191 x10* 177 x 10" 1.08 x 10" 5.50 x 10°
M 346 x10 1.48x10% 1.88x 10" 1.7ax 100 1,07 x 10° 5.50 x 10°
B 5.78x10 1.48x10% 188 x 10 1.7 x 10° 1.07 x 10*  5.50 x 107
A 6.32x10° 157 x10® 13 x 10t 179 x 10 1.09 x 10*  5.43 x 107
a8 S 152 x 108 1.9 x10° 177 x 10" 1.08 x 10°  5.49 x 10°
e 337 x10° 9.59 x 10’ 1.23x 10° 1.14 x 10 6.94 x 10° 3.6 x 10°
e 2.78x 107 9.03x10° 1.20x 10 1.1 x 10* 6.8 x 10°  3.51 x 10°
Note: Case 1 = Once-Through

Case 2B = U-Only Recycle, Pu Stored

Case 3A = U & Pu Recycle

Case 3B = U & Pu Recycle, Uelayed Repository

Case 4A = Once-Through, Delayed Repository or Deferred Decision

Case 46 = U & Pu Recycle, Deferred Decision

Case LG = Low-Growth, Once-Through

Case 3LG = Low-Growth, U & Pu Recycle

TABLE 10.3.6. Total Actinide Heat Accumulations in all Repositories, Watts
Year Geologic Time (Years Beyond 1975)

Case 2000 2050 1,000 10,000 100,000 1,000,000
] 338 x 10° 7213 x 107 1.92 x 107 4.64 x 10° 3.50 x 10° 1.36 x 10°
A 7.93x10%° 9.38x107 1.92x 107 4.68x10° 3.57 x10° 1.24 x 10°
26 2.09x10° 1.19x107 1,96 x 0% 1,64 x 10°  3.69 x 10 5.75 x 10°
A 4.93x10° 6.97 x 107 5.8 x 105 7.93x 10° 6.36 x 100 6.63 x 10°
B 1.09x10% 6.97x 107 58 x10° 7.93 x 10° 6.36 x 10°  6.63 x 10°
A 8.8 x10° 7.13x 10 1.92 x 107 4.66 x 10° 3.59 x 10° 1.36 x 10°
a8 02 5.63 x 107 8.63 x 10° 3.12 x 10° 5.00 x 10* 7.50 x 10°
16 7.05 x 105 4.5a x 107 1.22 x 107 2.96 x 10® 2.29 x 10° &.70 x 10
36 3.79x 1% 4.2 x 107 3.98 x 10° 4.88 x 10° 4.06 x 10° 4.36 x 10°
Note: Case 1| = Once-Threough

Case 2B = U-Only Recycle, Pu Stored

Case 3A = U & Py 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



10.3.8

More differences show up in the tabulation of total actinide radiocactivity in Table 10,3.4.
The explanation of the differences between cases in the year 2000 totals is complicated by the
fact that wastes from equivalent quantities of spent fuel have not been delivered to the reposi-
tories by that year in all cases. However, by the year 2050, essentially all wastes, except
for minor amounts of activity in the deconmissioning wastes, have been emplaced in the reposi-
tories.

In Cases 1 and 2A all of the plutonium in the spent fuel is included with the wastes and
the actinide activities in these two cases are closely similar. In Case 2B the plutonium is
stored separately, and the total actinide activity is down by a factor of approximately ten to
twenty relative to Cases 1 and 2A.

Except for the t.me at which ihe wastes are placed in the repositories, the actinide acti-
vities in Cases 3A and 3B are identical. Plutonium recycle in these cases increases the amount
of higher actinides in the wastes and the total actinide activity is only a factor of 3 or 4
less than in Case 1, although the initial plutonium content of the waste was approximately a
factor of 100 less than in Case 1 and 2A.

Except for time of delivery of the waste to the repository, Case 4A actinide activity is
identical to Case ). \lowever, in Case 4B, because reprocessino starts much later than in Case 3,
there is not time to recycle as much plutenium in the system as there was in Cases 3A and 38,
and the actinide activity is somewhat lower.

Actinide activity in Cases 1LG and 3L6G relative to Cases 1 and 3A reflect the differences
in enerqgy production for these cases.

Tables 10.3.5 and 10.3.6 show total heat accumulations in the repositories for fission
activation products and actinide elements respectively. The relative quantities of heat
accumulations in these cases are roughly comparable to the radioactivity accumulations shown
in Tables 10.3.3 and 10.3.4. The initial heat generation rates are dominated by the fission
and activation product heat. After 1,000 years, however, the heat generation rates are down
by a factor of 10 to 100, and heat generation is primarily actinide heat. After this
1,000-year period, the no-recycle cases-generate about 2 to 5 times as much heat as the plu-
tonium recycle cases.

To more clearly illustrate the differences between no-recycle and recycle radicactivity
in these wastes, the ratio of radioactivity in the U and Pu recycle wastes relative to the
radioactivity in the once-through cycle wastes are shown in Tables 10.3.7 and 10.3.8, for
fission and activation product nuclides and actinide nuclides, respectively. Except for
tritium, and krypton-85, the activity ratios for the fission and activation product nuclides
are close to one, and reflect differences in fission yields for urenium and plutonium fission,
In Case 3, most of the tritium is released to the atmosphere during reprocessing, and only the
tritium retained in the cladding hulls is sent to the repositories, while krypton-85 is recovered
and stored separately. The data in Tables 10.3.7 and 10,3.8 shows how the higher activity of
the higher actinides compensates for the low activity of plutonium and the plutonium daughters.
In addition, the higher actinides decay to form plutonium isotopes so that after a time the
plutonium activity ratios are substantially higher than when the wastes were initially placed
in the repository.



TABLE 10.3.7.

10.3.9

Ratio of Fission and Activation Product Radioactivity in
U and Pu Recycle Wastes to Similar Radioactivity in Once-
Through Cycle Wastes

Actinides Geologic Time (Years Beyond 1975)
And Daughters Year 2070 1,000 10,000 100, 000 1,000,000
e 161 160 = i» -
l:c 0.94 0.94 0.94 0.94 -
Mn 1.0 s 9 - .
e 801 -5 3 1 i
80co 913 o = - -
I 860 861 865 863 864
63y 863 862 .86 ' i
795e 947 946 949 947 948
B3¢y 'L ¥ 2 ' 1 .
87pp 884 884 884 .884 884
90, 90y 870 872 ik . e
3zp, Py, 992 992 984 983 987
99, 1990 992 .99 991 989
106p,, 106, 1.13 ) X - <
107p4 1.26 1.26 1.26 1.26 1.26
H0my g 1.36 i - Ly e
1134 1.96 1.96 It 3 -
125, 126me, 4 59 s o o 31
126¢,, 1265, 1.17 1.18 1.17 1.17 1.18
129, 1.07 1.07 .08 1.07 1.0
134¢ 981 3 s . L
135¢4 1.28 1.27 1.27 .28 1,27
137cs, 1375, 994 994 e b -
Wheo, Mg 1994 T " b e
147 o 981 2 v = -
181, 1.07 1.07 1.07 = s
152¢, 1.7 1.71 " = e
154, 1.18 1.18 L H -
155y 1,17 o o4 B -
Other L824 - .- .- .-
Overall Ratio .945 .976 .982 991 1.02
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TABLE 10.3.8.

10.3.10

Ratio of Actinide Radioactivity in U and Pu Recycle Wastes to
Activide Radiocactivity in Once-Through Cycle Wastes

Geologic Time (Years Beyond 1975)

Actinides
___And Daughters
245Cm
?44Cm
843Cm
ZAZCm
243~n’ 239Np
242mAm' 242Am
24\Am
242pu
24lpu
240pu
239pu
238pu
236pu
237Np, 233pa
2385‘ 234Th. 234mpa
236U
235U. 23]Th
234U
233U
232U
231Pa
230,
zngh, 7 Daughters
22811 6 Daughters
227Ac, 7 Daughters
232Th. ¢ Daughters
226Ra. 5 Daughters
2‘09b. 2 Daughters

Overall Ratio

Year 2070 1,000 10,000 100,000 1,000,000
18.1 19.2 19.3 19.2 -
11.4 11.5 - - .-

2.66 2.64 - - --
8.17 8.18 8.17 .- -
5.29 5.27 5.28 5.26 -
8.18 8.17 8.18 .- -
.428 .398 19.1 19.2 e
.0379 ,0408 .0408 .0408 .0408
0266 19.30 19.22 19.2 19.6
.0750 .0851 .0851 0851 -~
.0149 0210 0655 123 124
L0575 1.46 8.16 - -
6.38 .- - - -
1.57 855 .785 . 790 .789
.00822 .<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>