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FOREWORD 

. . This report was prepared by the Oak Ridge National Laboratory (ORNL) in cooperation 

with the Office of Waste Isolation (OWl) and is part of the National Waste Terminal Storage 
(NWTS) Program. The principal objective of the NWTS Program is to establish facilities in 

various deep geologic formations at several locations in the United States which will safely 
dispose of commercial radioactive wastes. According to federal regulations, such wastes must be 

delivered to a federal repository for terminal storage. The OWl Transportation/ Logistics Study 

addresses problems associated with shipping these wastes to NWTS facilities. 

The objective of the Transportation/ Logisitics Study is to ensure the availability of a 
viable system for transporting the wastes to federal repositories. In order to accomplish this 
objective, a systems analysis of waste transportation has been directed by OR NL to determine. 

the problems that must be solved and to develop a program plan to identify the order in 
which these studies should be pursued. An important part of the Transportation Program is 

logistics. This report describes the logistics models that have been developed to support the 

Transportation Program. 
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LOGISTICS MODELS FOR THE TRANSPORTATION OF RADIOACTIVE 
WASTE AND SPENT FUEL 

D. S. Joy 

B. Holcomb 

·ABSTRACT 

Mathematical modeling of the logistics of waste shipment is an effective way to 

provide input to program planning and long-range waste management. Several 

logistics models have been developed for use in parametric studies, contingency 

planning, and management of transportation networks. · These models allow the 

determination of shipping schedules, optimal routes, probable transportation modes, 

minimal costs, minimal personnel exposure, minimal transportation equipment, etc. 

Such information will permit OWl to specify waste-receiving rates at various 

repositories in order to balance work loads, evaluate surge capacity requirements, 

and estimate projected shipping cask fleets. The programs are tailored to utilize 

information on the types of wastes being received, location of repositories and 

waste-generating facilities, shipping distances, time required for a given shipment, 

availability of equipment, above-ground storage capabilities and locations, projected 

waste throughput rates, etc. 

Two basic models have been developed. The Low-Level Waste Model evaluates 

the optimal transportation policy for shipping waste directly from the source to a 

final destination without any intermediate stops. The Spent Fuel Logistics Model 

evaluates the optimal transportation policy for shipping unreprocessed spent fuel 

from nuclear power plants (I) indirectly, that is, to an Away-From-Reactor (AFR) 

storage facility, with subsequent transhipment to a repository, or (2) directly to a 

repository. 

1. INTRODUCTION 

Waste transport will constitute an important part of the nuclear industry,' irrespective of 

the options regarding fuel reprocessing; therefore, problems associated with waste transportation 

must be solved to assure the long-range viability of the nuclear power industry in this country. 

OWl authorized the Pilot Plant Section of the Chemical Technology Division at the Oak 

Ridge National Laboratory to conduct a survey of the existing transportation system for 

radioactive materials in order (I) to identify current and potential problems, and (2) to develop 

a comprehensive prograrri plan that will ensure the availability of a transport system in 1985 
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capable of moving commercial radioactive waste to federal repositories. The overall 

Transportation/ Logistics program has been designed to consider (I) spent fuel, (2) low-level 

TR U waste, (3) high-level waste, (4) intermediate-level waste, and (5) cladding hulls, with initial 

emphasis being placed on the first two types of waste. 

As a part of the Transportation/ Logistics program, several logistics models have been 

developed to study the movement of low-level TRU waste and spent fuel assemblies. The term 

·logistics refers to a plan or program for moving waste from generating sites to disposal 

facilities. The logistics models include all aspects of waste transport and the operation of the 

disposal facilities. The logistics models are design~d to determine the most economic waste 

shipping policies from a set of generating sites to a set of intermediate and final destinations. 

A number of operational constraints have been included in each model to reflect realistic 

operation of shipping and receiving facilities. As more detailed information becomes available, 

the logisti.r.s models will also be used to help manage the waste ti'aliS)')ori.ation systemi> and 
repository operation. The Low-Level TRU Waste Logistics model is described in Sect. 2, and 
the Spent Fuel Logistics model is described in Sect. 3: An additional model, the Spent Fuel 
Shipment Program, which is designed to prepare some of the input data for the Spent Fuel 

Logistics model, is discussed in Sect. 4. 
The mathematical technique used to calculate the optimum shipping schedules in the 

logistics models is known as linear programming. Linear programming has been developed for 

determining the optimum allocation of resources (such as capital, raw materials, manpower, 

plant or other facilities) to obtain a particular objective when there are alternative uses for the 
resources. This technique is designed to solve a special type of problem-one in which all 

relations among the variables are linear in both the constraints and the functions to be 
optimized. Many physical systems can be adequately simulated using this technique. Linear 

programming has been applied extensively to transportation problems. 

Linear programming operates simultaneously on all of the independent variables for the 

entire system and determines a system or global optimum. The program examines costs in all 
of the years during the study period to obtain a minimum overall cost (i.e., it may adjust some 

of the actions showing a higher cost in some years in order to take advantage of a system 

characteristic in other years of the study - hence,· a lower overall cost). Other optimization 

techniques work on a year-by-year basis where the transportation costs are minimized for each 

year of the study. These techniques are time independent and cannot factor in constraints 
which cover several time steps or consider the interaction between different pans of lht: study. 

A year-by-year approach cannot guarantee a global or overall optimum. The only way to 

guarantee a global optimum is to optimize the entire system. Total system costs determined by 

linear programming represent the absolute minimum obtainable- for ::1 particular logistics 
problem. Any other shipping scht:uulc satisfying the problem constrf!ints would result in a 

higher cost. . 

Determining an optimized shipping schedule subject to a given set of constraints is only 

part of a logistics study. It is frequently necessary to evaluate the sensitivity of the solution to 

perturbations of the original system cost and/ or constraints. The linear programming technique 

is designed to perform sensitivity analysis with very little extra com·putations. It is not 

necessary to reformulate the problem and to repeat all of the calculations to evaluate the 

effects of changes in operating constraints or economic parameters. In addition to the items 

.discussed above, the linear programming formulation can easily be modified to incorporate 

additional constraints. 
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2. LOW-LEVEL WASTE LOGISTICS MODEL 

The Low-Level Waste Logistics model is a mathematical formulation for solving classic 

transportation problems. A general description of the model is given in Sect. 2.1. The 

mathematical formulation is presented in Sect. 2.2. Sections 2.3 and 2.4 discuss data 

requirements of the program and the organization of results and output data respectively. A 

sample problem is included in Sect. 2.5. 

2.1 General Description 

The Low-Level Logistics model has been developed to determine an optimum 

transportation policy .for shipping low-level TR U contaminated wastes (LL T) from a set of 
generating sites to a set of federal repositories. Low-level wastes are generated in all portions 

of the nuclear fuel cycle. A portion of these wastes will have such a low level of contamination 

that they may be sent safely to commercial burial sites. However, a significant fraction of the 

wastes will be classified as TRU wastes and must be transported to a federal repository for 

final disposal. 
As several federal repositories become operational, LL T waste generators will have a 

choice of destinations for waste shipments. Each generator would prefer to minimize his total 

shipping and disposal costs by transporting them to the nearest repository, and many waste 

generators will be desiring to use the same disposal facility. As long as the waste processing 
capacity of a repository is capable of handling the demand for its services, the logistics of 

transportation are very simple. However, when the demand exceeds the processing capability of 

one or more of the repositories, some of the generators will be forced to utilize more expensive 

shipping alternatives. The resulting logistics problem becomes more complicated, and the entire 

LLT transportation system needs to be studied in order to minimize the waste disposal costs 

for the entire nuclear industry. 

A computer program has been written to solve transportation logistics problems using the 

linear programming technique and was tested by applying it to the logistics of transporting 
low-level wastes. The program is designed to determine the most economical plan for moving 

the waste from each generator to the disposal facilities. Each generating site is assumed to be 

able to ship to any of the available repositories. The following constraints have been added to 

reflect repository operation: 

(I) maximum annual waste processing capacity, 

(2) minimum annual waste processing requirements, and 

(3) ultimate storage capacity of the repositories. 



The Low-Level Waste Logistics model is a general model for evaluating shipping policies 
when a commodity is shipped directly from its source to the final destination without any 

intermediate stops. Applications of this model are not limited to the shipment of low-level 

radioactive wastes but can also be applied to any commodity that would be shipped within the 

constraints noted (e.g., the shipments of non-TRU low-level waste from generating sites to 

commerial burial grounds). The only limitation model is the inability of considering 

intermediate stops and subsequent transhipments to the final destinations. With a minor 

amount of reprogramming to include an additional repository constraint, this model could be 

used to determine optimum shipping polices for high-level waste, intermediate-level waste, and 

cladding hulls. These wastes will share common handling facilities at a repository. In order to 

determine the optimal logistics for the shielded wastes, the three types of waste need to be 

considered simultaneously. Preliminary calculations where the shielded wastes are considered 

inrlivirlmtlly llre within the scope of the low-level logistics modeL 
A number of problems can be studied with the model· to determine the impact various 

operating conditions or planning decisions would have on total systt:m cust. The aspects that 

could be studied include: 

(I) opening or closing specific repositories, 

(2) alternating modes of transportation (e.g., rail vs truck), 

(3) varying repository location, 

(4) restricting or eliminating shipments in specific states or localities, 

(5) distributing work loads between repositories, 

(6) enlarging specific repositories, 

(7) changing waste shipping forecasts, 
(8) compacting of wastes, 

(9) segregating non-contaminated wastes prior to shipment, and 

(I 0) changing the radiological limit for classification as TR U waste. 

The low-level waste logistics model was developed to determine a shipping schedult: that 

would minimize transportation cost. Other criteria inay be utilized to determine an optimum 

policy (e.g., minimize radiation exposure to the public, maximize utilization of transportation 

equipment1 etc.). 

2.2 Matht:matical Model 

A linear progrummlng approach is tht: IJal:iil:i vf the m11th.:-.mRtic.nl moclcl. The quantitie~ of 

waste being shipped are the independent variables or activities in the optimization calculations. 

The notation S!ik will be used to represent the amount of waste being shipped from generator i 

to repository j in year k. 

An objective function, such as system transportation costs, is used to measure the relative 

performance of a particular set of activities (Syk). The program is designed to select a set of 

non-negative activities which will minimize the objective function and at the same time satisfy 

any constraints imposed on the system. The objective function can be expressed as 

L = l: l: l: c;J·k SiJ"k , 
i j k 

( 1 ) 
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where 

L = value of objective function, 

Cyk = cost of transporting waste from site i to site j in year k, and 

S!ik = amount of waste shipped from site i to site j in year k. 

All real systems are constrained by various physical limitations that restrict the allowable 

set of values for the activities. The optional solution must satisfy all constraints. It is 

conceivable that a set of inconsistent constraints could be defined such that a solution does not 
exist. This is known as an infeasible problem, and the code will identify such a case if it 

- should arise. The constraints incorporated into the low-level waste logistics model are listed 

below. 

(l) A specified amount of waste must be shipped annually from each generation site: 

i_= 1,2, ... ,1 
k = 1,2, ... ,K, (2) 

where 

P;k = amount of waste generated at site i in year k. 

(2) The amount of waste received at a repository m a given year must not exceed its 

maximum annual processing capacity: 

j = 1,2, ... ,J 
k = 1,2, ... ,K, 

where 

Mjk = maximum waste processing capacity at repository j in year k. 

(3) Each repository must receive a minimum amount of waste each year: 

j = 1,2, ... ,J 
k = 1,2, ... ,K, 

where 

mjk = minimum receiving rate for repository j in year k. 

(4) Each repository has a finite storage capacity: 

l. E 
k i 

s. 'k lJ < T· - J j = 1,2, ... ,J, 

(3) 

( 4) 

(5) 
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where 

T1 = ultimate storage capacity of repository j. 

The program is sized to handle 15 generating sites, 10 repositories, and a 30-year study 

period. 

2.3 Data Requirements 

Th~ Low-L~vel Logistics model is a generalized program and includes a set of broad 
constrainte to refle('t n~a listie oper~ting conditions. Howevc:r, when the muucl is used to Rtudy 

specific problems, additional operating constraints may be needed. Changing the constraints will 
also alter the type and amount of input information required .. The purpose of this section is to 
present a general overview of the information needed to define (1) the problem size, (2) the 
physical limitations or constraints of the system, and (3) the basic economic data. 

The problem size is specified by the number of generating sites, the number of repositories, 
and the number of years in the study horizon. The following dimensions have been placed on 
these parameters: (1) 15 generating sites, (2) 10 repositories, and (3) 30-year planning horizon. 
These particular dimensions were chosen for convenience and typically would cover most of the 
logistics problems encountered. The dimensions could easily be expanded with a minor amount 
of reprogramming. The model will automatically reduce the size of the program to handle 
smaller problems. The problem size determines the amount of data required to completely 
specify the constraints of the system. 

The following physical constraints need to be defined: 

(1) annual waste volume or number of packages to be: shipped from each generating 
site; 

(2) maximum annual waste processing rate for each repository; 
(3) minimum annual waste processing rate for each repository; and, 
(4) the ultimate storage capacity for each repository. 

The amount of waste shipped annually from each generating site must be defined. The 
amounts specified can vary from year to year and also can be set to zero if no wastes are to 
be shipped in a given year. Any couvcuicut set of unitG C:l.n be 1.1~~rl fnr the waste projections 
(e.g. torts, cubic u1eters, rail cnr loath;, eLc). Thr. mer is required tn rl~fine all input data in a 
consistent set of units. If the waste projections are given in cubic meters, the units for waste 

processing rates, c:tc., must also be in units of cubic meters, and cost information must have 
units of$/ cubic meter. 

The maximum annual waste processing rate must be defined for each repository each year 
of the study. This data may vary from year to year to reflect changing waste processmg 
capacity. Startup dates of a repository can be represented by setting the maximum waste 

-. 
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processing rate to zero for the years prior to the beginning of commercial operation. For the 
remaining years, the actual processing capacity is used. 

All data must be checked for consistency. For example, the sum of the maximum waste 

processing rates for all of the repositories must be equal to or larger than the total amount of 
waste to be shipped from all of the generating sites for that particular year. 

Minimum annual waste processing rates may also be defined. If the minimum processing 
rates for each repository for each year of the study are zero, this information should be 
omitted from the input data. The basic structure of the linear programming algorithm 
automatically defines the minimum rates to be greater than or equal to zero, since all of the 
activities must be greater than or equal to zero. The final constraint which needs to be defined 
is the ultimate storage capacity for each repository. 

In order to determine the optimal destinations of shipped waste, the total transportation 
costs from each generating site to each repository are needed. The total costs are composed of 
several basic costs, each of which are defined separately, and include waste loading, waste 
unloading, shipping, and repository disposal costs. The program sums the costs to arrive at a 
total cost for use in the optimization calculations. Any of the costs can be changed in any year 
of the study. All costs must have units (e.g., dollars per unit of waste) compatible with the 
units of the waste projections. The program is based on the assumption that any generating 
site can ship to any repository. If it is desired to block one or more of the transportation links 
(e.g., a path from a particular source to a particular destination), an extremely large 'shipping 
cost (e.g., $106 per unit of waste) should be assigned to those links. These links will be 
economically unattractive when the optimization calculations are performed and would therefore 
not be utilized. 

2.4 Organization of Output 

A special subprogram has been written to summarize the input data and the results of the 
optimization calculations in a series of tables. (See Sect. 2.5, Sample Problem) 

The firsF table lists the projected waste shipments from each generating site for each year 
of the study. The various costs for transporting wastes from each generating site to each 
repository are summarized with a separate table for each of the following activities: loading, 
unloading, shipping, and repository disposal. The total transportation costs are summarized in 
a separate table, and maximum annual storage limits for each repository are tabulated. The 
final table of input data includes the identification of the generating sites and repositories. 

The results of the optimization calculations are summarized in a series of tables. The first 
set shows the sources of all waste shipped to each repository and the total amount of waste 
received each year at each repository. A separate table is prepared for each repository. The 
same information is tabulated showing the destinations of all waste shipped from each 
generating site along with the total shipments from this site each year. Again, a separate table 
is prepared for each generating site. 

Additional tables are included showing the total·amounts of wastes received annually and 

the cumulative receipts on a yearly basis for each repository. The annual shipping cost of 
transporting wastes to a repository is listed for each generating site. Another table indicates the 
conversions of the annual cost from total dollars to dollars per unit of waste for each 

generating site. 
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From the shippers standpoint, the transportation costs would be minimized by shipping all 

wastes via the route of minimum cost. Typically, these shipments would be sent to the nearest 

repository. However, due to processing constraints, some of these repositories, though 
geographically near the generating site, may not be able to handle sufficient quantities of 
wastes to accommodate all potential shippers. In these special cases, some of the shippers will 
be required to transport a fraction or all of their wastes to alternate repositories, thus incurring 
additional costs. This further expense caused by system constraints are reported for each 
generating site in the final table. 

2.5 Sample Problem 

In order to test the Low-Levei Waste Logistics modei, a sample problem was formulated 
considering 12 generating sites and 6 repositories. A study horizon of 28 years was selected 

covering the years I 983 to 2010. This problem is intended to demonstrate the utility of the 
logistics model, and the selected data are not intended to represent any specific set of waste 
projections, waste repositories, or actual transportation costs. 

The amounts of wastes being shipped annually from each generating site are listed in 
Table 2. I. Transportation costs from each generating site to each repository are listed in Table 
2.2. Only two repositories are available during the first four years (1983-1 986) of the study. 
Three more repositories are opened in 1986, and the sixth repository is able to receive waste in 
I 989. The maximum waste processing rates of each repository varies during the first 8 years of 
operation and then remains constant over the remainder of the study period. Table 2.3 shows 
the maximum annual storage limits for each repository. No minimum receiving rates were 
included for any repository and were understood to be zero by the program. 

The optimum waste shipping policy was evaluated by minimizing the total transportation 
costs over the study period. The results are shown in Tables 2.4 to 2.10. Since only repositories 
I and 2 are open during the first four years, all wastes are shipped to these repositories. The 

waste-shipment patterns shift somewhat in 1987 when three more repositories become available. 
With the particular set of transportation costs assumed for this problem, the newly opened 
repositories only receive waste from a single generating site (i.e., repository 3 from souce 7, 
repository 4 from source 10, and repository 5 from source 8). The remaining souces continue 
to ship their wastes to repositories I and 2 until I 989 when rep.ository 6 becomes ready for 
operation. Repository 6 is favorably situated and receives waste at its maximum processing rate 
during its first 5 years of operation. Many of the generating sites gradually divert their 

shipments from repositories I and 2 to repository 6. In fact, no waste is received at repository 
2 for 9 years (1994-2002). In the later years of the study, the waste generation rates increase to 
the point where the maximum processing rates of several repositories is reached; repository 6 in 
2003, repository 2 in 2006, repository I iri 2008, and repository 5 in 2010. When the demand 
for waste storage at a given repository exceeds its capabiltiy of handling the wastes, shipments 
are then diverted to other repositories. For most problems, it ·is not readily apparent which 
shipments should be dtverted. lt is not necessarily the highest cost shipment to the repository 

but rather the shipment whose diversion cost is less than the incremental cost of diverting 
other shipments. The linear programming algorithm simultaneosly considers all activities over 
the entire study period in order to determine a minimum cost for the system rather than 

attempt a year-by-year minimization. 



Table 2. 1. Annual shipments of TRU wastes from each generation source. 

0 0 0 0 0 0 0 0 4 0 0 0 0 0 SOURCES 0 0 0 8 0 . . . . . 
10 

. . . h . . 
12 YEIIP. 1 2 3 5 6 7 9 TOTAL 

1'5S! 1C6. c. o. o. 97. 48. 87. 58. 34. 14. 53. 92. 589. 
1'584 106. c. 212. o. 290. 145. 261. 174. 101. 43. 159. 275. 1766. 
l'5S5 177. c .• !53. o. 483. 241. 434. 290 0 169. 72. 265. 459. 2943. 
!'SSE: . 860. 43( • 1182. o. 2799. 1400. 2519. 1679. 980. 420. 153'}. 265'}. 17067. 
1'5S7 1364. 6S2. 2 E27. o. 4440. 2220. 3996. 2664. 1554. 666. 2442. 4217. 27072. 
1'5SS 1510. He. 3153. 1117. 5984. 2992. 5386. 35'50. 2094. 898. 3291. 5685. 36488. 
1 c;ec; S5'5. 44l:. 17S5. 6:·2. 3387. 1694. 3048. 2032. 1186. 508. 1863. 3218. 20654. 
1'590 qzt. 4S3. 1'532. 685. 3668. 1834. 3301. 2201. 1284. 550. 2017. 3483. 22364. 
1'5'51 1023. 5!4. 2136. 75 6. 4054. 2027. 3648. 2432. 141'}. 608. 2230. 3851. 24718. 
1c;c;2 1145. 5'5 7. 23'50. 84 7. 4536. 2268. 4083. 2722. 1588. 680. 2495. 4309. 27660. 
1<;'53 114'5. 5'57. 2!90. 84 7. 4536. 2268. 4083. 2722. 1588. 680. 2495. 4309. 27660. 
1'5'54 1243. 64S. 2~'54. 918. 4922. 2461. 4430. 2953. 1723. 738. 2707. 4677. 3001t.. 
1<;9'5 1267. M: 1. 2t44. 93 7. 5 019. 2509. 4517. 3011. 1757. 753. 2760. 4768. 3060~. 
1 '5'56 1340. 6'5'5. 2196. 991. 5308. 2654. 4778. 3185. 1858. 796. 2920. 5043. 32368. 
1'5'57 1584. 82l:. 3!05. 1171. 6273. 3137. 5646. 3764. 2196. '}41. 3450. 5960. 3 8253. 
1'5'58 16 57. 8l:4. 3457. 12<'5. 6563. 3282. 590 7. 3'538. 2297. 984. 3l: 10. 6235. 40019. 
1'5'5'5 177'5. 92 e. -3 712. 13] 4. 7046. 3523. 6 341. 4227. 2466. 1057. 3875. 6693. 42961. 
2COO 1949. 1017. 4Cl:8. 1441. 7721. 3861. 6949. 4633. 2702. 1158. 4247. 7335. 47081. 
2CC1 2H:e. 1131. 4525. 1604. 8590. 4295. 7731. 5154. 3006. 1288. 4724. 8162. 52378. 
2CC2 241 ;;:. 125 e. 5C34. 1783. 9555. 4778. 8600. 5133. 3344. 1433. 5255. 9077. 58262. 
2C03 2777. 144'5. 51'56. 2054. 11003. 5501. 9903. 6602. 3851. 1650. 6052. 10452. 6 7090. 
2()04 33f •• 1754. 7C17. 2486. 13319. 6660. 11987. 7992. 4662. 1998. 7326. 12652. 81215. 
2()0'5 3S50. 2oce. 8C34. 2845. 15 2 50. 7625. 13 72 5. 9150. 533 7. 2287. 83 8 7. 14487. 92985. 
2C06 43H. 22ee. 9153. 3241. 11373. 8686. 15636. 10424. 6080. 2606. 9555. 16504. 105932. 
2CJC7 4'546. 25ec. 10!22. 3656. 19593. 9796. 17634. 117 56. 6857. 2'}39. 10776. 18613. 119468. 
2.()08 5531. 28EE:. 11~43. 4087. 21909. 10954. 19718. 13145. 7668. 3286. 12050. 20815. 133592. 
2ccc; l:213. 3242. 12'5l:f. 4592. 24612. 12306. 22150. 14767. 8l:l4. 3692. 13536. 23381. 150071. 
2<l10 684l:. !572. 14;188. 5061. 27121. 13560. 24409. 16273. 9492. 4068. 14917. 25765. 165372. 



Table 2.2. Transport.:1tion costs for shipping TRU waste from generating' site to repository. 

. . . . . 2 . . . . . . 4 . SOURCES . . . . . 8 . . . . . . . . 10 
. . . h . . . . 12 REFCS 1 3 5 6 .., 9 

1 15.56 1-:!.1 2f.6C 20.48 27.09 20.50 44.88 31. ae 13.50 49.54 25.38 22.97 
2 33.13 24.6 23.0~ 23.42 29.91 ~0 .95 48.48 17.08 32.62 40.53 24.45 3t.•n 
3 39.25 2S.C 42.1~ 39.34 45.22 29.91 27.31 26.95 38.J~ 31.55 43.14 42.87 
4 41.04 32.C 3E.74 35.84 41.21 28.50 38.55 16.7(: 39.6~ 27.05 38.17 42.5S 
5 37.08 25. c 3E.8! 31.67 3 a. 79 23.06 38.35 13.57 34.61 31.55 37.89 38.38 
6 c;. e5 23.6 21.5~ 22. 51 16.55 ?4.45 49.70 34.16 6.7C 51.86 19.98 7.55 



Table 2.3. Maximum annual TRU waste storage limits at repositories. 
. i . . . . . . . . . 3 . REPOS lT(1RY . . . . . . . . . . 6 . YEAR 2 4 5 TOTAL 

1983 15CO. 5CC. o. o. o. o. 198-4 6CCO. 200C. o. o. o. o. 198!: 9CCO. 30CC. o. o. o. o. 
198~ 13CCO. 500(. o. o. o. o. 1987 210CO. 500C. 1500. 1000. 1500. o. 198e 210CO. 70CC, 6000. 4000. 6000. o. 198<; 300CO. 100CC. 9000. 6000. 9000. 1500, 
1990 390CO. 1300(, 12 000. 8000. 12000. 6000. 1991 39CCO. 130CC. 12000. 8000. 12000. 9000, 
1992 39000. 1300(. 21000. 14000. 21000. 12000. 
1993 390CC. 130CC. 30000. 20000. 30000. 12000. 
1994 39000. 1300 c. ?9000. 26000. 39000. 21000. 1995 39CCO. 1300C, 39000. 26000. 39000. 30000. 199€: 39CCC. 130CC. 39000. 26000. 39000. 39000. 1997 390CO. l?OOC, 39000. 26000. 39000. 39000. 
1998 39CCO. 130CC. 39000. 26000. 3<1000. 39000. 
1999 390CO, 130CC. 39000. 26000. 39000. 39000. 
2000 390CO. 1300C. 39000. 26000. 39000. 39000. 
2001 39CCO. 1300C. 39000. 26000. 39000. 39000. 
2002 39000. 1300C. 39000. 26000. 39000. 39000. 
2003 3c;oco. 130CC. 39000. 26000. 39000. 39000. 
2004 390CO. 1300(. 39000. 26000. 39000. 39000. 2005 39CCO. 1300(. 39000. 26000. 39000. 39000. 
ZOOt: 39CCO. 1300(. 39000. 26000. 39000. 39000. 
2007 390CC. 130CC. 39000. 26000. 39000. 39000. 2008 39CCO. 1300C, 39000. 26000. 39000. 39000. 2009 390CO. 1300C, 39000. 26000. 39000. 39000. ...... 2010 39000. 1300C. ?9000. 26000. 39000. 39000. ...... 



Table 2.4. TRU W3.Ste received at repository No. 1 from individual1 generating sites. 

. . 2 . . . 4 . . . . . SOURCES 8 . . . . . . 
10 

. h . . 
12 TOTAl YEAR 1 3 5 6 1 9 

1 c;e~ 1Ct. c. o. o. 97. 48. 87. o. 34. o. o. 92. 464. 
1S84 1C6. c. o. o. 290. 145. 261. o. 101. o. o. 275. 1118. 
1S85 177. c. o. o. 483. 241. 434. o. 169. o. o. 459. 1963. 
1SH SEC. 43C. o. o. 2799. 1400. 2519. o. 980. o. 420. 2659. 12067. 
1S87 13t4. 682. o. o. 4440. 2220. 1153. o. 1554. o. 2442. 4217. 18072. 
1see 1510. 1ee. o. lll7. 5984. 2992. o. o. 2094. o. o. 5685. 20110. 
1c;ec; 8 55. 44t. o. 632. 3387. 1694. o. o. llBt. o. o. 1118. 9918. 
1SSO <;26. 483. o. 685. 1151. 1834. o. o. 1284. o. o. o~ 6363. 
1SS1 1023. 534. o. 756. o. 2027. o. o. 324. o. o. o. 4664. 
1SS2 c. 5S7. o. 847. o. 2268. o. o. o. o. o. o. 3712. 
1SS~ c. 5c; 1. o. 847. o. 2268. o. o. o. o. o. o. 3712. 
1CjCj4 o. 648. o. 918. o. 2461. o. o. o. o. o. o. 4027. 
1c;c;5 o. 6t 1. o. 9~ 7. o. 2509. o. o. o. o. o. o. 4107. 
1C:St o. 6c;c;. o. 991. o. 2654. o. o. o. o. o. o. 4344. 
1 c;c; 7 o. au. o. 1111. o. 3137. o. o. o. o. o •. o. 5134. 
tsse o. 8t4. o. 1225. o. 3282. o. o. o. o. o. o. 5371. 
1«;c;c; c. c; 2 e. o. l314. o. 3523. o. o. o. o. o. o. 5765. 
2000 o. 1017. c. 1441. o. 3861. o. o. o. o. o. o. 6319. 
20C1 o. 1131. o. 1604. o. 4295. o. o. o. o. o. o. 7030. 
2002 o. 12 s e. o. 1783. o. 4778. o. o. o. o. o. o. 7819. 
2C03 c. 144S. o. 2054. o. <;501. o. . 0. o. o. o. o. 9004 • 
2CC4 o. 1154. o. 2486. o. 6660. o. o. o. o. o. o. 10900. 
2C05 c. 2oce. o. 2845. o. 7625. o. o. o. o. 3345. o. 15823. 
2C0t 43H. 22ee. o. 3241. o. 8686. o. o. <;57. o. 5708. o. 25266. 
2CC7 4S4t. 258C. o. 3656. o. 9796. o. o. 6063. o. 8098. o. 35139. zcoe 5!:31. 2BEt. o. <0087. 3 724. 4511. o. o. 7668. o. 10593. . o. 39000. 
2ccc; t213. c. o. 16"18. 8993. o. o. o. BH4. o. 13502. o. 39000. ...... 
2C10 684t. c. o. o. 13 35 2. o. ·0. o. 9492. o. 9310. o. 39000. N 

TCTAl 3484«;. 25554. o. 3c315. 44700. 90416. 4454. o. 40520. o. 5341 B. 15105. 345330. 



Table 2.5. TRU wast·e received at repository No. 2 from individual generating sites. 

2 . . . . . 4 . SCURCES . . . 8 . . . . 
10 

. . . h . . t2 YE-P 1 3 5 b 1 9 TOTAL 

1c;e3 c. c. o. o. o. o. o. 58. o. 14. 53. o. 125. 
1c;e4 o. o •. 212. o. o. o. o. 114. o. 43. 159. o. 588. 
l';es o. c. ~53. o. o. o. o. 290. o. 72. 265. o. 980. 
1 c; eE: c. c. 1782. o. o. o. o. 1679. o. 420. 1119. o. 5000. 
1S87 o. c. 2E21. o. o. o. o. 2173. o. o. o. o. 5000. 
1S8e o. c. 3153. o. o. o. o. o. o. o. 3291. o. 6444. 
1c;eg o. c. 1185. o. o. o. o. o. o. o. 18~3. o. 3648. 
1 c;c;c o. c. 1<;32. o. o. o. o. o. o. o. 2017. o. 3949. 
1<;<;1 o. c. 213~. o. o. o. o. o. o. o. 2230. o. 4366. 
1<;<;2 c. c. 2390. o. o. o. o. o. o. o •. 2073. o. 4463. JCjCj3 c. c. 2~c;o. o. o. o. o. o. o. o. 2073. o. 4463. 
1<;94 o. c. o. o. o. o. o. o. o. o. o. o. o. 
1'.iCj5 c. c. o. o. o. o. o. o. o. o. o. o. o. JCjCjf: o. o. o. o. o. o. o. o. o. o. o. o. o. 
1<;<;7 o. o. o. o. o. o. o. o. o. o. o. o. o. 1c;c;e c. c. o. o. o. o. o. o. o. o. o. o. o. 1<;c;c; o. c. o. o. o. o. o. o. o. o. o. o. o. 
2000 o. c. o. o. o. o. o. o. o. o. o. o. o. 
2001 o. c. o. o. o. o. o. o. o. o. o. o. o. 
2002 c. c. o. o. o. o. o. o. o. o. o. o. o. 
2CO~ c. c. C:31. o. o. o. o. o. o. o. .o. o. 931. 
2004 o. c. 7C17. o. o. o. o. o. o. o. 2321. o. 9338. 
2C05 o. c. 8C34. o. o. o. o. o. o. o. 4966. o. 13000. 
2CC~ c. c. CjJ53. o. o. o. o. o. o. o. 384 7. o. 13000. 
2CC7 c. c. 10222. o. o. o. o. o. o. o. 2678. o. 13000. 
2ooe c. c. 11 !:43. o. o. o. o. o·. o. o. 1457. o. 13000. 
2CO<; o. c. 12C:t6. o. o. o. o. o. o. o. 34. o. 13000. t-o 
2010 o. ·C. 72<;3. o. o. o. o. o. o. o. 5~07. o •. 13000. VI 

TCTIIL c. c. e~~1c;. o. o. o. o. 4374. o. 549. 36053. o. 127295. 



Table 2.6. TRU waste received at repository No. 3 from individua" generating sites. 

. . 2 . . . 4 . . . ~OURCES . 7" 8 . . 
9 
. . 

10 
. h . . 

1~ TOTAL YE~R 1 3 5 6 

lSl!~ c. c. o. o. o. o. o. o. o. o. o. o. o. 
}c;l!4 o. c. o. o. o. o. o. o. o. o. o. o. o. 
lSI!!: c. c. o. o. o. o. o. o. o. o. o. o. o. 
1SE~ o. c. o. o. o. o. o. o. o. o. a. o. o. 
1SI!7 o. c. o. o. a. a. 1500. o. o. o. o. o. 1500. 
tsee a. c. o. o. o. o. 5386. o. o. o. o. o. 5386. 
1<;1!<; c. c. o. o. o. o. 3048. o. o. o .. o. o. 3048. 
1CjCj0 o. c. o. o. o. o. 3301. o. o. o. o. o. 3301. 
1sc;1 a. c. o. o. o. o. 3648. o. o·. o .. o. o. 3648. 
1SCj2 o. c. o. o. o. o. 4083. o. o. o. o. o. 4083. 
1CjCj~ c. c. o. o. o. o. 4083. o. o. o. o. o. 4083. 
1CjCj4 o. c. o. o. o. o. 4430. o. o. o. o. o. 4430. 
1 c;c;5 o. c. o. o. o. o. 4517. o. o. o. o. o. 4511. 
1c;Cj6 c. c. o. o. o. o. 4178. o. o. o. o. o. 4778. 
}c;Cj7 c. c. o. o. o. o. 5646. o. o. o. a. o. 5646. 
1sc;e o. c. o. o. o. o. 5907. o. o. o. o. o. 5907. 
1SS<J o. c. o. o. o. o. 6341. o. o. o. o. o. 6341. 
200a a. c. o. o. o. o. 6949. o. o. o. o. o. 6949. 
2001 o. c. o. o. o. o. 7731. o. o. 0·. o. o. 7731. 
2002 c. c. o. o. o. o. 8600. o. o. o. a. o. 8600. 
200~ c. c. o. a. o. o. 9903. o. o. o. o. o. 990?. 
2004 o. o. o. o. o. o. 11987. o. o. o. o. o. 1!. 987. 
2C05 c. c. o. o. o. o. 13725. o. o. a. o. o. 13725. 
2006 o. c. o. o. o. o. 1563 6. o. o. a. o. o. 1563~. 
2C07 a. c. o. o. o. o. 17634. o. o. c. o. o. 17634. 
2001! c. c. o. a. o. o. 19718. o. o. c. o. o. 19718. 
2CO<J o. c. o. o. o. o. 22150. o. o. a. o. o. 22150. ....... 
2C10 c. c. o. o. o. o. 24409. o. o. G. o. o. 24409. ~ 

TCT.Al o. c. o. o. . o. o. 215109 • o. o. o. o. o. 215109 •. 



Table 2.7. TRU waste received at repository No. 4 from individual generating sites. 

. . 2 . . . 4 . SOUPCES . . 8 . . . . 
10 

. i1 . . 
1~ 'tE~P 1 3 5 6 7 9 TOTAL 

1~!!3 c. c. o. o. o. o. o. o. o. o. o. o. o. 
1~!!4 o. c. o. o. o. o. o. o. o. o. o. o. o. 
1~!!5 c. c. o. o. o. o. o. o. o. o. o. o. o. 
}<;86 o. c. o. o. o. o. o. o. o. o. o. o. o. 
1~81 o. c. o. o. o. o. 334. o. o. 666. o. o. 1000. 
1~!!8 o. c. o. o. o. o. o. o. o. 898. o. o. 898. 
l~!!c.l o. c. o. o. o. o. o. o. o. 508. o. o. 508. 
·~~0 o. o. o. o. o. o. o. o. o. 550. o. o. 550. 
1<;<;1 o. c. o. o. o. o. o. o. o. 608. o. o. 608. 
1~~2 c. o. o. o. o. o. o. o. o. 680. o. o. 680. 
1 c;c;~ c. c. o. o. o. o. o. o. o. 680. o. o. 680. 
1~<;4 o. c. o. o. o. o. o. o. o. 738. o. o. 738. 
1~<;5 c. o. o. o. o. o. o. o. o. 753. o. o. 753. 
1~'.l6 c. c. o. o. o. o. o. o. o. 796. o. o. 796. 
1 <;'.l1 o. c. o. o. o. o. o. o. o. 941. o. o. 941. 
1c;c;e o. c. o. o. o. o. o. o. o. 984. o. o. 984. 
}';<;9 o. c. o. o. o. o. o. o. o. 1057. o. o. 1057. 
2COO o. c. o. o. o. o. o. o. o. 1158. o. o. 1158. 
2C01 o. c. o. o. o. o. o. o. o. 1288. o. o. 1288. 
2002 c. c. o. o. o. o. o. o. o. 1433. o. o. 1433. 
2CO~ c. o. o. o. o. o. o. o. o. 1650. o. o. 1650. 

· 2CC4 o. c. o. o. o. o. o. o. o. 1998. o. o. 1998. 
2C05 o. c. o. o. o. o. o. o. o. 2287. o. o. 2287. 
200t: o. c. o. o. o. o. o. o. o. 2606. o. o. 2606. 
20C7 o. c. o. o. o. o. o. o. o. 2939. o. o. 2939. 
2CC!! c. o. o. o. o. o. o. o. o. 3286. o. o. 3286. 
2CC'.l o. c. o. o. o. o. o. o. o. 3692. o. o. 3692. ...... 
2C10 c. c. H~5. o. o. o. o. o. o. 4068. o. o. 1096~. V1 

TCHL o. c. H~5. o. o. o. 334. o. o. 362t:4. o. o. 43493 •. 



Table 2.8. TRU \'taste received at repository No. 5 from individual generating sites. 

. . 2 . . . 4 . SOURCIOS . 8 . . . . 10 . h . . 12 TOTAL YEAR 1 3 5 6 7 9 

lSI!~ c. c. o. o. o. o. o. o. o. o. o. o. o. 
1Sf!4 a. c. o. o. o. o. o. ,o. o. o. o. o. o. 
lS1!5 c. o. o. o. o. o. o. o. o. o. o. o. o. 
1SB6 o. a. o. o. o. o. o. o. o. o. o. o. o. 
1Sf!7 c. c. o. o. o. o. 1009. 491. o. o. o. o. 1500. 
tsee c. c. o. o. o. o. o. 3590. o. o. o. o. 3590. 
lSI!S c. c. o. o. o. o. o. 2032. o. o. o. o. 2032. 
tc;so c. c. o. o. o. o. o. 2201. o. o. o. o. 2201. 
1SS1 o. o. o. o. o. o. o. 2432. o. o. o. o. 243Z. 
1SS2 a. c. o. o. . o. o. o. 2722. o. o. o. o. 2722. 
ISS~ c. c. o. o. o. o. o. 2722. o. o. o. o. 2722. 
1SS4 o. o. o. o. o. o. o. 2953. o. o. o. o. 2953. 
1<;S5 a. c. a. o. a. o. o. 3011. o. o. o. o. 3011. 
1SSt c. c. o. o. o. o. o. 3185. o. o. o. o. 3185. 
l<;S7 c. c. o. o. o. o. o. 37t4. o. o. o. o. 3764. 
}<;«;!! a. c. o. o. o. o. o. 3938. o. o. o. o. 3938. 
1SS9 a. c. o. o. o. o. o. 4227. o. o. o. o. 4227. 
2Cac a. c. a. o. o. o. o. 4633. o. o. o. o. 4633. 
2Ca1 a. c. o. o. o. o. o. 5154. o. o. o. o. 5154. 
2Ca2 c. c. o. o. o. o. o. 5733. o. o. o. o. 5733. 
2CO~ c. c. o. o. o. o. o. 6602. o. o. o. o. 6602. 
2004 o. o. o. o. o. o. o. 7992. o. o. o. o. 7992. 
2aao:: a. c. o. o. o. o. o. 9150. o. o. o. o. 9150. 
2006 a. c. o. o. o. o. o. 10424. o. o. o. o. 10424. 
2Ca7 a. c. o. o. o. o. o. 1175t. o. o. o. o. 11756. 
2CCE c. c. o. o. o. 64-t3. o. 13145. o. o. o. o. 19588. 
2ccs c. 3242. o. 2914. o. 1231)6. o. 14767. o. o. o. o. 33229. ...... 
2Cl0 o. 3572. o. 5061. 534. 13560. o. 16213. o. o. o. o. 39000. (]\ 

TCTAL o. t814. o. 7975. 534. 3231)9. 1009. 142897'; o. o. o. o. 191538. 



Table 2.9. TRU waste received at repository No. 6 from individual generating sites. 

. . . . . . 4 . SOURCES . 8 . . . . 
10 

. h . . 
1~ VEIIR 1 2 3 5 6 1 9 TOTAL 

He~ c. c. o. o. o. o. o. o. o. o. o. o. o. }«;84 o. c. o. o. o. o. o. o. o. o. o. o. o. 
iJ.Cj85 o. c. o. o. o. o. o. o. o. o. o. o. o. 
1«;86 c. c. o. o. o. o. o. o. o. o. o. o. o. !J.Cj8l c. c. o. o. o. o. o. o. o. o. o. o. o. 
tc;ee o. c. o. o. o. o. o. o. o. o. o. o. o. 
1c;9c; o. c. o. o. o. o. o. o. o. o. o. 1500. 1500. 1c;c;o o. c. o. o. 2 517. o. o. o. o. o. o. 3483. 6000. lCjCj1 o. c. o. o. 4054. o. o. o. 1095. o. o. 3851. 9000. 
}';«;2 1145. c. o. o. 4536. o. o. o. 1588. o. 422. 4309. 12000. 
lCjCj~ 1145. o. o. o. 4536. o. o. o. 1588. o. 422. 4309. 12000. 
}CjCJ4 124~. c. 25«;4. o. 4922. o. o. o. 1123. o. 2707 •. 4671. 17866. 
!«;«;5 1U: 7. c. 2f44. o. 5019. o. o. o. 1757. o. 2760. 4768. 18215. 
!Cj«;t: 1340. o. Zl«;t:. o. 5308. o. o. o. 1858. o. 2920. 5043. 19265. 
1«;«;7 151!4. c. 3~05. o. 6273. o. o. o. 2196. o. 3450. 5960. 22768. 
tc;c;e lt:5l. o. 31t57. o. 65&3. o. o. o. 2297. o. 3610. 6235. 23819. 
1CjCJ9 177«;. c. 3112. o. 7046. o. o. o. 2466. o. 3875. 6693. 25571. 
2.000 1Cj4Cj. c. 4Ct:8. o. 7721. o. o. o. 2702. o. 4247. 7335. 28022. 
~001 21H. c. 4525. o. 8590. o. o. o. 3006. o. lt724. 8162. 31175. 
20C2 2412. c. 5C34. o. 9555. o. o. o. 3344. o. 5255. 9017. 34677. 
2003 2777. o. 4Et:5. o. 11003. o. o. o. 3851. o. 6052. 10452. 39000. 
01004 ~3t: 2. c. o. o. 13319. o. o. o. 4662. o. 5005. 12652. 39000. 
2005 3850. c. o. o. 15 250. o. o. o. 5337. o. 76. 14487. 39000. 
2006 o. o. o. o. 17373. o. o. o. 5123. o. o. 16504. 39000. 
2007 o. c. o. o. 19 593. o. o. o. 794. o. o. 18H3. 39000. 
zcoe o. c. o. o. 1818 5. o. o. o. o. o. o. 20815. 39000. 
zcoc; o. c.· o. o. 15619. o. o. o. o. o. o. 233 81. 39000. ..... 
2(ll0 o. c. o. o. 13 23 5. o. o. o. o. o. o. 25765. 39000. '-1 

TI:TIIL 27678. c. 37CCO. o. 20021(;>. o. o. o. 45387. o. 45525. 218070. 573877. 



Table 2.1 0. Total amount of TRU waste received at repositories. 

. i . . . . . . . . . 3 . REPOSITORY . . . . . . . . . . 6 . YEAR 2 4 5 TOTAL 

1983 464. 12 ~. o. o. o. o. 589. 
1984 1178. seE. o. o. o. o. 1766. 
1985 .I<;l:3. 9ec • o. o. o. o. 2943. 
1986 12Cfl. 500C. o. o. o. o. 1706 7. 
1987 18C 72. 500C. 1500. 1000. 1500. o. 27072. 
1988 20110. 6444. 5386. 898. 3590. o. 36488. 
1989 9<;18. 364E. 3048. 508. 2032. 1500. 20654. 
1990 6363. 394'S. 3301. 550. 2201. 6000. 22364. 
1991 4H4. 4366. 3648. 608. 2432. 9000. 24718. 
1992 3712. 44l:3. 4083. 680. 2722. 12000. 27660. 
199.3 3712. 4463. 4083. 680. 2122. 12000. 27660. 
1994 4027. c. 4430. 138. 2953. 17866. 30014. 
19<;5 41C7. c. 4517 •. 753. 3011. 18215. 30603. 
1996 4344. c. 4778. 796. 318'5. 19265. 32368. 
1997 5134. c. 5646. 941. 3764. 22768. 38253. 
1998 5371. c. 5907. . 984. 3938. 23819. 40019. 
1999 57f5. c. 6341. 1057. 4227. 25571. 42961. 
2000 631 c;. c. 6949. 1158. 4633. 28022. 47081. 
2001 7C30. c. 7731. 1288. 5154. 31175. 52378. 
2002 7el<;. c. 8600. 1433. 5733. 34677. 58262. 
2003 90C'<. 931. 9903. 16 50. 6602. 39000. 67090. 
2004 109CO •. <;33E. 1198 7. 1998. 7992. 39000. 81215. 
2005 I5e23. !.3000. 13725. 2287. 9150. 39000. 92985. 
2006 25266. 1300C. 15636. 2606. 10424. 39000. 105932. 
2007 3513<;. 1300C. 17634. 2939. 11756. 39000. 119468. 
2008 39CCO. 1300C. 19718. 3286. 19588. 39000. 133592. 200<; 39000. 130CC. 2215 o. 3692. 33229. 39000. 150071. ...... 
2010 39000. 13000. 24409. 10963. 39000. 39000. 165312. co 
TOTAL 3to533C. 1272<;~. 215109. 43493. 191538. 573877. 1496641. 
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The annual waste shipping cost is listed for each generating site m Table 2.11. The 

additional costs incurred by each generating site that is required to transport wastes beyond the 

nearest to an alternate repository are shown in Table 2.12. If all repositories had an infinite 

annual processing rate and an infinite storage capacity, none of the generating sites would 

incur any additional costs. However, all waste disposal facilities have finite limits, and the 

possibility exists that one or more of the generating sites will have to ship waste to a 

repository which might be its second or third choice. The diversion of shipments can be caused 

by two factors. If the annual handling capability of a repository is exceeded, short-term 
diversion will occur. As a repository approaches its ultimate storage capacity, shipments from 

some generating sites will be diverted to allow space for the shippers with higher diversion 

costs. The program schedules waste shipments to minimize the cost for the entire waste 

transport system. 
The total system cost shown in Table 2.11 represents the absolute minimum obtainable for 

the particular problem. This value is derived by co1_1sidering all shipments over the entire study 

period. Any other shipping schedule satisfying the problem constraints would result in a higher 

total cost. 

3. SPENT FUEL LOGISTICS MODEL 

The Spent Fuel Logistics model is a mathematical formulation for solving transportation 

problems with intermediate storage and subsequent transhipments to a final destination. A 
general description of the model is given in Sect. 3.1. The mathematical formulation is 

presented in Sect. 3.2. Sections 3.3 and 3.4 discuss data requirements of the program and the 

organization of results respectively. A sample problem is included in Sect. 3.5. 

3.1 General Description 

The Spent Fuel Logistics model has been develop,ed to determine an optimum 
transportation policy for shipping spent fuel from nuclear power plants to . an 

away-from-n:a~.;lur 1olOragc facility (AFR) and the subil:'qlJP.nt shipments from the AFR to a 

federal repository. All nuclear reactors are refueled periodically, generally once a year. The fuel 
assemblies removed are initially stored at the reactor in a spent fuel storage pool. After a 

suitable cooling period, the spent fuel will be shipped to a reprocessing facility or an 

away-from-reactor storage facility, or geologic repository. For the once-through fuel cycle 

concept, none of the discharged spent fuel would be reprocessed to recover unburned fuel. 

Instead, all spent fuel would be stored in one of several AFR's situated around the country. 
After residing in an AFR for a period qf years (typically 5 to 10 years), the spent fuel will be 

shipped to a federal repository for lo11ger-term storage and/ or disposal. 

When several AFR facilities become operational, the utilities will have a choice of 

destinations for spent fuel shipments. Each utility would prefer to minimize its total shipping 

and disposal costs. Since the government will probably take title to the spent fuel at the first 
government facility in the transportation chain, which would be the AFR facility, each utility 

would want to ship to the nearest A FR facility. However, when the total costs of moving 

spent fuel from the generating sites to the repository are considered, significant savings might 

be realized by having a utility ship fuel to another AFR facility rather than the closest one. 
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Table 2.12. Additional costs incurred by generating site by not shipping waste to nearest respository {$106). 
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When the demand for storage exceeds the overall storage capacity of one or more of the AFR 
facilities, the resulting logistics problem becomes more complicated, and the entire spent fuel 
transportation system needs to be studied in order to minimize disposal costs for the entire 

nuclear industry. 
A computer program, the Spent Fuel Logistics program, was developed to optimize the 

shipment of spent fuel from the reactors to AFR's and from AFR.'s to federal repositories. The 
program will determine the total costs of shipping spent fuel from the various reactors to a set 
of AFR's over an extended time period. While each reactor in the U.S. could be simulated, it 
is convenient to lump the reactors in a small geographic region into a single generating source. 
The program is dimensional to consider up to 30 separate generating sources, 5 AFR 's, and 5 
federal repositories. The program will also optimize the storage policies at both the generating 
sites and at the AFR's. Each of the generating sites is assumed to ~e able to ship to any of 
the AFR's which in turn can ship to any of the federal repositories. The Spent Fuel logistics 
model is flexible enough to consider direct shipments from a generating site to a repository 
bypassing the interim storage facilities. Hence, if desired, any generating site can ship fuel to 
any AFR or any repository. The following constraints and variable bounds have been included 
in the· model to reflect generating site, AFR, and repository operation: 

(1) storage capacity at generation sites, 
(2) spent fuel handling capacity at AFR's, 
(3) storage capacity at AFR's, 
(4) minimum residence time of spent fuel at AFR's, 
(5) spent fuel handling capacity at repositories, and 
(6) ultimate storage capacity at repositories. 

The Spent Fuel Logistics model is a general model for evaluating shipping policies when a 
commodity is shipped from its source to its final destination with the possibility of an 
intermediate stop. Applications of this model are not limited to the shipment of spent fuel but 
can also be applied to any commodity that would be shipped within the framework mentioned 
above. The only limitation of the model is its inability to consider more than one intermediate 
stop between source and destmatlon. 

A number of problems can be studied with the Spent Fuel Logistics model to evaluate the 
impact various operating conditions or planning decisions would have on total system cost. The 
aspects which could be studied include: 

(I) opening or closing specified AFR facilities and/ or repositories, 
(2) alternating modes of transportation (rail vs truck), 

(3) varying AFR or repository location, 
(4) restricting or eliminating shipments across specific state lines, 
(5) distributing work loads at AFR facilities and/ or repositories, 
(6) varying storage capacity at specific AFR facilities and/ or repositories, 
(7) changing the projected rate at which nuclear reactors come on line, and 
(8) varying handling rates at AFR facilities and/ or repositories. 

Additionally, the Spent Fuel Logistics model would be particularly useful in evaluating 
proposed locations for AFR facilities and/ or repositories which would minimize transportation 
costs, trip distances, cask fleet requirements, radiation exposure to workers and general 
population, etc. 
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3.2 Mathematical Model 

The linear programming approach was selected for both the mathematical model and all 

equations used to simulate the spent fuel transportation system are linear. The following four 

sets of independent variables or activities are required to describe the system: 

(I) the amount of spent fuel being stored at generating site i at the end of year k, 
·G,1c, 

(2) the amount of spent fuel being shipped from generation site i to AFR site j in 

year k, Xyk, 

(3) the amount of spent fuel being stored at AFR site j at the end of year k, Ajk, 

and 

(4) the amount of spent fuel being shipped from AFR site j to repository I in year 

k, yjlk· 

An objective function, such as system transportation and storage costs, is used to measure 

the performance of a particular set of activities. The model is designed to select a set of 

non-negative activities which will minimize the objective functions while simultaneously 

satisfying any constraints imposed on the system. The objective functions can be expressed as 

where 

z·= r ~ (s;G;k) + r 3 ~ (cijkXijk) + 

3 ~ (djkAjk) + J i ~ (qj£-k yj£-k)' 

Z = value of objective function, 

s; = cost of storing spent fuel at generating site, 

C;jk = cost of shipping spent fuel from generating site to AFR, 

djk "" cost of storing spent fuel at AFR, and 

CjjJk = cost of shipping spent fuel from AFR to repository. 

(6) . 

All real systems are constrained by various physical limitations that restrict the allowable 

set of values for the activities. The optimal solution must satisfy all constraints. 

The amount of spent fuel being stored at a generating site at the end of a year is 

call:ulalt::u by a malt::rial balauct:: 

where 

= G.k + o.k 1 -1 1 
i=l,2, ... ,I 
k = 2,3, ... ,K 

O;k = amount of spent fuel being discharged from the reactors at site i in year k. 

(7) 
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For the first year of the study, Eq. (7) takes a special form 

i = 1,2, ... ,1' (8) 

where 

G;o = amount of spent fuel being stored at reactor sites at start of study. 

The amount of fuel being stored at the generating site is constrained to be within certain limits 

where 

T;k = storage capacity at generating site. 

i. 1,2, ... ,1 
k = 1 , 2, . : . , K, (9) 

For some problems, it would be desirable to have each reactor ship all fuel added to its 

storage pool annually. This can be accomplished by defining all T;k to be equal to zero 

reducing Eq. (7) to 

~ X;jk = Dik 
.i 

; = 1,2, ... ,1 
k = 1,2, ... ,K. ( 1 0) 

The amount of spent fuel being stored at an AFR ts also determined from a material 

balance 

j = 
k = 

1,2, ... ,J 
1,2, ... ,K. (11) 

Again, for the first year of the study, Ajo represents the amount of spent fuel stored at the 

AFR at the start of the study. The total amount of spent fuel stored in an AFR is also 
limited 

j·-1,2, ... ,J 
k = 1,2, ... ,K, ( 12) 

where 

Qk = maximum storage capacity of AFR site j in year k. 
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The amount of spent fuel being handled at an AFR is limited by the number of casks which 

can be unloaded or lo~ded per year. The model assumes the same equipment is used to unload 

or to load a cask, hence the total receiving and shipping rate for each AFR is constrained as 

.follows: 

j = 1,2, ... ,J 
k = 1,2, ... ,K, ( 13) 

where 

Mik = maximum spent fuel handling rate at AFR site j in year k. 

In some scenarios, all spent fuel received by an AFR must reside in that AFR for a maximum 

period of time (e.g., 10 years). These requirements introduce. an additional series of constraints 
as follows: 

8--r 
I: L X· "k ; k=l lJ 

j = 1,2, ... ,J 
e = -r+ 1 , -r+2, ••. , K. ( 14) 

Equation (14) states that in a given year the total shipments of spent fuel from an AFR can 

not exceed the total amount received r years previously. This constraint requires all fuel to 

remain at an AFR for at least r years. 
The operating characteristics of the repositories also introduce some constraints. The 

amount of spent fuel received at a repository is limited by the fuel handling capacity 

t = 1,2, ... ,L 
k = 1,2, ... ,K, 

where 

H,k = maximum fuel handling capability of repository I in year k. 

Each repository has a finite storage capacity over its life time. This is represented by . 

where 

I: 
j 

V 1 = ultimate storage capacity of repository I. 

( 15) 

. ( 16) 
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3.3 Data Requirements 

The Spent Fuel Logistics model is a generalized program and includes a set of general 

constraints to represent realistic operation of AFR facilities, repositories, and transportation 

systems. When the model is used to study specific problems, the mathematical formulation may 

require additional constraints or modification of the existing constraints. The purpose of this 

section is to present an overview of the information needed to define the problem size, the 

physical limitations at both the AFR facilities and repositories, and the basic economic data. 

The problem size is determined by the number of generating sites, the number of AFR 
facilities, the number of repositories, and the number of years in the study horizon. The 

foll~wing dimensions are currently being used for these variables: 

(I) 30 generating sites, 

(2) 5 AFR facilities, 

(3) 5 repositories, and 

(4) 25-year planning horizon. 

I 
The model will automatically reduce the size of the program in order to handle smaller 

problems. Larger problems could be considered with a minor amount of reprogramming. 

To describe a generating site, the following information must be defined: 

(I) the amount of spent fuel added to the storage pool annually, 

(2) the maximum capacity of the spent fuel storge pool, and 

(3) the amount of spent fuel already being stored at the start of the study horizon. 

The model assumes that spent fuel can be stored at the generating site provided sufficient 

storage space is available. The program will then calculate when the spent fuel would be 

shipped to an AFR site. The maximum storage capacity can be varied from year to year. If 

the storage capacity is set equal to zero, all fuel added to the storage pool will be shipped to 
an AFR that year. 

Specifying the amount of spent fuel added to the storage pools of each generating site for 

each year of the study requires a significant amount, of data. The Spent Fuel Shipment 

Program (Sect. 4) is designed to provide this information. 

To describe an AFR facility, the following information is required: maximum storage 

capacity, maximum spent fuel handling capability, and minimum storage time required at the 

AFR. The first two items must be defined for e;:~c.h AFR every year included in the study 

period and the values may vary from year to year. If a particular AFR is not available for 

storing spent fuel, the maximum handling capabiltiy must be set to zero. 

All data must be checked for consistency. For example, the sum of the maximum handling 

capabilities at the AFR facilities must be equal to or larger than the total amount of spent fuel 

which must be shipped from all generating sites in a given year. 

A repository is defined by specifying the maximum annual spent fuel processing rate and 

the ultimate storage capacity. Startup dates of a repository can be represented by setting the 

maximum processing rate to zero for the years prior to the beginning of commercial operation. 

For the remaining years, the actual processing capacity is used. 
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ln order to determine the optimal destinations of the shipped spent fuel, the total shipping 

costs for each of the transportation links are needed. The total costs are composed of several 

basic costs, each of which are defined separately. The basic costs include expenses incurred in 

waste loading, waste unloading, shipping (including cask rental and special train charges) and 

storage. The program sums the individual costs to arrive at a total figure for use in the 

optimization calculations. Any of the costs can be changed in a·ny year of the study. All costs 

must have uni.ts compatible with the units of the spent fuel discharge (assemblies or metric tons 

of heavy metal). 

Since there are three distinct shipments being considered, three sets of costs must be 

defined. The first set covers the shipment from the generating site to the AFR facility, the 

second set, the shipment from the AFR to the repository, and the third set for the direct 

shipment from a generating site to a repository. The program assumes any source can ship to 

any destination. If it is desired to block one or more of the transportation links, an extremely 

large shipping cost should be defined for those particular links. These links will be 

economically unattractive when the optimization calculations are performed and would not be 

utilized. 

3.4 Organization of Output 

A special subprogram has been written to summarize the input data and the results of the 

optimization calculations. An example of the program-generated information is included in 

Sect. 3.5, Sample Problem. 

The first table lists the amount of spent fuel eligible for shipment from each generating 

site for each year of the study. The various costs for transporting spent fuel are summarized 

with a separate table for each cost item (e.g., loading, unloading, shipping, storage, and 

repository disposal). The total transportation cos'ts are summarized in two separate tables: (I) 

one tahle for the movement of spent fuel from the generating sites to the AFR facilities and 

(2) a second table for the movement from AFR facilities to repositories. These costs and total 

transportation costs include freight charges, cask rental, and special train charges. 

Additional tables are included showing total amounts of spent fuel received annually for 

the AFR facilities and the repositories. A table indicating the amount of spent fuel being 

stored at each AFR facility for·each year of the study is also included. 

The annual shipping cost of transporting spent fuel from the generating sites and from the 

AFR is also listed for each source of shipments. The storage cost incurred at the individual 

AFR 's is also tabulated. 

The total cost of transporting spent Juel over the study horizon is also tabulated. This 

table includes total cost of storage at generating sites prior to shipment, transportation cost of 

moving spent fuel from generating sites to AFR's, storage at AFR's, and shipment from AFR's 

to repositories. 

3.5 Sample Problem 

A study was performed for OWl to determine the feasibility of situating AFR facilities for 

storing spent fuel in various parts of the U.S. The actual selection of candidate sites for Al-l{ 

facilities and geological repositories is still several years off and is subject to extensive review 

and evaluation by DOE, NRC, EPA, the affected local and state authorities, and the general 
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public. However, a Transportation/ Logistics study that attempts to estimate transportation costs 

associated with AFR facilities must be based on specific assumptions as to the location of the 

facilities. The following sites were selected for the AFR facilities for calculational purposes 

only: 

(I) upper Midwest location- Morris, Ill. 

(2) south Atlantic location - Barnwell, S.C. 

(3) southeastern location -Oak Ridge, Tenn. 

(4) northwestern location- West Valey, N.Y. 

Geological investigations for a possible repository site are now being concentrated in SIX 

major regions. For this sample problem, transportation costs were estimated for a single 

n:pository site-the interior Gulf Coast Salt Domes Joe!) ted at Minden, La. 

A run was marle ming th0 Spent Fuel Logi~tics moud tu define the flow of spent fuel 

from the reactors to the four AFR facilities and the subsequent transhipment to a repository. 

The basic assumptions for the study included the following: 

(1) spent fuel discharge rates were to be based on an installed nuclear capacity projection 

of 380 GWe in the year 200031 

(2) beginning in 1982, all spent fuel will be delivered to the AFR facility or repository 5 

years after reactor discharge, with the exception of the pre-1977 inventory, which will 

be delivered directly to the repository between 1991 and 1995.i 

(3) in the period 1982-1984, all spent fuel will be delivered to AFR storage facilities. 

Between 1985 and 1989, the repository will be capable of receiving shipments at the 

following limited rate, expressed in metric tons uranium (MTU) per year; 

Year 

1985 

1986 

1987-1989 

MTU/year 

500 

700 

1000 

Any ;~year-old fuel in excess of these amounts will be shipped to an AFR facility for 

storage.; 

(4) beginning in 1990, all spent fuel shipments will go directly to the repository. In 1991, 

the /\FR facilities will start to ship stored spent fuel to the repository. The combined 

shipping rates from all AFR facilities will be limited to 2000 MTU/year. The amount 

of spent fuel being shipped annually to the AFR facilities and to the repository 

shown in Fig. 3.1. 
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(5) the study will consider a time period of 19 years (1982-2000), at which time the 

repository will be filled at its capacity. 

Transportation costs were developed for shipping spent fuel from each nuclear reactor site 
to the four AFR facilities and to the appropriate repository. If a reactor site has access to a 

rail line, all shipments were assumed to be made by rail; otherwise, truck shipments were used 

to move the· spent fuel from the reactor to its destination. All rail casks were assumed to be 

similar to the IF-300 cask and would carry 7 PWR assemblies or 18 BWR assemblies. Only 
full-cask loads were considered. For truck shipments, only legal-weight shipments were 

consiclered-each shipment moving I PWR or 2 BWR assemblies. All shipments from the AFR 
facility to the repository were assumed to be rail shlpmeul uliliLiug a ca!!k 3imilur to the 
IF-300 cask. It was also assumed that special trains would be required for moving luauc::u rail 

casks, and the empty casks woUld be return ell as gc::utral f1·eight. /\ $21/ mile charg~ fnr "rr:t.il'l I 

trains was included in the overall transportation charges. The number of casks transported by 

the special trains is assumed to be a function of the distance between the reactor and 
destination as shown below: 

Distance 
(mil~)_ 

s500 
501 to 1000 

1001 to 2000 
>2000 

Number of cars 
per_!pecia1 train 

1 

2 

3 

4 

All transportation costs for the shipments from the AFR facilities to the repository were 

obtained from railroad personnel who would be involved in the specific haul. All special trains 
involved in the shipment from the AFR facilities were assumed to transport four rail casks. 

Other economic parameters needed to complete the definition of the problem include: 

(I) storage charge at AFR facilities, $15,000/ MTU-year; (2) cask lease charge of 

approximately $2450/day for rail casks and $280/day for truck casks; (3) average 
carrier speed-rail, 7 mph; truck, 35 mph; and (4) combined cask loading and 
unloading time-rail, 120 hr; truck, 72 hr. 

This case considered the reposito~y to be located in the Interior Gulf Coast Salt Domes of 

Minden, La. Results indicated that only three of the four available AFR facilities were utilized 

to store spent fuel prior to 1990. After this date, however, all fuel was sent directly to the 

repository. The AFR facility located in the northeastern part of the U.S. was not ust:d. The 

storage inventory at the other three AFR facilities is shown as a function of time in Fig. 3.2. 

The amount of spent fuel being shipped to each AFR facility is shown in Tables 3.1 to 3.3. 
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Fig. 3.2. Spent fuel stored at AFR facilities. 



Table 3.1. 

YE~R 

1<; 82 
1<;€3 
t<;€4 
l'iE5 
1<; f6 
1'iE7 
1'i88 
l'if9 
19<;0 
t<;'i1 
1992 
19<;3-
19<;4 
19<;5 
19<;E 
19<;7 
t9c;e 
1999 
2000 
2001 
200<: 
2003 
20C4 
200!: 
2006 
2007 
2008 
2009 
2010 

TOTAL 

Amount of spent fuel shipped to AFR No. 1 (Morris, IL) from individual generating sites (MTU). 

14 

52.!: 
sc;.o 
J9of 

c.o 
Cool 
c.o 
c.o 

'!Sol 
c.o 
c.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
CoO 
c.o 
o.o 
o.o 
o.o 
o.o 
o.o 
c.o 
o.o 
o.il 
o.o 
c.o 
o.o 

2~.a 

£5. e. 
51.7 
o.o 
o. 0· 
c. 0· 
o. Ql 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
c.o 
o.o 
o. 0 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

c.c 
a. a 
o.o 
o.o 
o.c 
o.o 
o.c 
o.c 
o.c 
a.o 
o.o 
J,C 
o.o 
o.a 
o.o 
o.o 
o.o 
J,a 
o.c 
a.o 
J,Q 

o.a 
a.c 
o.a 
\le 0 

o.c 
o.o 
o.c 
J,c 

a.c 

I 7 

a.a 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
a.-.~ 

a.a 
v.o 
Oov 
o.o 
o.o 
o.o 
o.o 
u.u 
c.o 
v.o 
o.o 
o.u 
o.o 
a.o 
o.o 
o.o 
o.o 
c.o 
c.o 

18 

o.o 
o.o 
o.o 
o.o 
a.o 
o.o 
o.o 
o.o 
o.o 
o.a 
J,a 
a.c 
J,O 
o.o 
a.o 
o.a 
a.o 
a.a 
o.a 
o.o 
o.o 
;,.a 
o.o 
o.a 
IJ,a 
o.c 
o.a 
\JoO 

o.o 

o.a 

19 

o.o 
o.o 
o.o 
o.o 
o.o 
u.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.u 

SOU PC 'OS 

20 

a. a 
o.o 
JoO 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.o 

21 

Q,J 
48o9 
'11o 1 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o. v 
o.o 
a. a 
o.o 
o.o 
o.o 
o.o 
o.J 
o.o 
o.o 
Oo.l 
o.J 
o.a 
Oo.l 

130.5 

22 

29.2 
::9.0 
~2.4 

o.o 
o.o 
(),0 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
·0· 0 
o.o 
o.o 
·0. 0 
•Oo 0 

-o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
DoO 
o.o 

10Do6 

23 

o.o 
29.1 
29 o1 
o.o 
o.o 
o.o 
o.o 

152.'5 
o.o 
,),() 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

210 • .,. 

TOTAL 

706o5 
768.1 
849o0 
686oE' 
793.3 
838.3 

1092.6 
1410o1 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 



YEJIR 

1 <;;E 2 
1W3 
1<;E4 
l<;£'5 
l9E~ 

1<;E7 
Hl E':! 
1c;eg 
l<i<;O 
1<;<;.1 
1'i'i2 
H'i3 
l'ic;4 
l'i !;5 

H'iE: 
H'i7 
no;e 
.s•o;-9 
2C•O·O 
2C•Cl 
2002 
20·:13 
2004 
2005 
2CICE: 
2QC7 
20CE 
20C'i 
2010 

TOlAL 

CoO 
CoO 
CoO 
CoO 
CoO 
a.o 
CoO 
c.o 
CoO 
CoO 
CoO 
CoO 
c.o 
CoO 
CoO 
CoO 
OoO 
c.o 
o.o 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
OoO 

CoO 

Oo.O 
OoO 
OoO 
CoO 
o.o 
OoO 
OoO 
OoO 
OoO 
o.o 
OoO 
Oo.J 
0.1) 
OoO 
o.o 
CoO 
Oo 0 
o,o 
o.o 
c.o 
OoO 
OoO 
OoO 
u.o 
Oo 0 
OoO 
c.o 
o.o 
o.o 

Q,J 

o.c 
o.o 
o. c 
o.c 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.c 
OoO 
o.o 
o.o 
o.c 
o.c 
:>.c 
o.c 
o.o 
o.o 
o.c 
o.o 
o.o 
o.c 
:>.a 
o.o 
o.c 
0. ,, 

o.c 

o.c 

4 

OoO 
o,o 
CoO 
o.c 
o.c 
OoC 
o.c 
o.c 
Oo C· 
C • C• 
0 • C• 
0. (t 

c.u 
o. \:1 

OoO 
OoO 
c.o 
OoO 
OoO 
Ooill 
c.o 
Oo;) 
o.o 
Q,\) 

c..o 
OooJ 
0 •. ) 

0. ·) 
0. •) 

o.o 

Table 3.1. 

5 

OoO 
OoO 
OoO 
OoO 
OoC 
J o C• 
OoO 
o.o 
OoO 
o.o 
OoO 
OoO 
OoO 
OoO 
OoO 
J.o 
OoO 
lloC 
OoO 
OoO 
OoO 
:loO 
OoO 
OoO 
OoO 
OoC 
OoO 
OoO 
OoO 

2<:3o3 
149o9 
1,j 4. 2 
171o2 
171o2 
t67oe 
21!:oJ 
227 0 9 

OoO 
;J,O 

OoO 
OoO 
o,o 
OoO 
OoO 
OoO 
OoO 
o.o 
o.o 
<loO 
o.o 
o.o 
OoO 
o.o 
OoO 
OoO 
:loO 
OoO. 
o.o 

14~0o8 

(Continued) 

S'lUI'lCES 
7 

64o 3 
... 6. 0 
43o 0 
<56 0 1 
69 0 4 
43 0 0 
72 0 7 

1 05o 7 

OoO 
o.o 
o.o 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
o.o 
OoO 
OoO 
OoO 
OoO 
o.o 
OoO 
OoO 
OoO 

540 0 2 

8 

OoO 
24o0 
24oi) 
5o~ 

OoO 
OoO 

107o4 
48o0 

Ooll 
OoO 
OoO 
Ooll 
o.o 
OoO 
OoO 
OoO 
OoJ 
OoO 
OoJ 
OoO 
o.J 
OoJ 
DoLl 

OoO 
OoO 
OoO 
OoJ 
ooa 
o.J 

209oJ 

9 

OoO 
OoO 
OoO 

36o3 
2lo4 

OoO 
42o0 
55o4 

OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 

1';5o1 

10 

3o3 
3o3 

29o1 
29o1 
35.~ 

l07o8 
l20o3 
l20o3 

OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
OoO 
o.o 
o.o 
OoO 
OoO 

44'3o9 

1l 

35.1 
51.7 
51 0 7 

Slo 7 
51o7 
51o 7 
5lo7 
51 o7 

OoO 
OoO 
o.o 
OoO 
OoO 
o.o 
OoO 
GoO 
o.o 
OoO 
OoO 
(),Q 

o.o 
o.o 
o.o 
o.o 
o.o 
OoO 
OoO 
OoO 
o.o 

397. Q.·· 

12 

42o6 
68o'5 
65o2 
68o5 
61o9 
~e.5 

615.2 
49ol 

o.o 
OoO 
o.o 
o.o 
OoO 
o.o 
OoO 
o.o 
o.o 
OoO 
OoO 
o.o 
o.o 
OoO 
OoO 
o.o 
o.o 
OoO 
OoO 
OoO 
o.o 

489o<; 

. . 
13 

230o4 
192.9 
267.3 
258o3 
382.0 
399.5 
418.0 
'5llo4 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
OoO 
o.o 
o.o 
o.o 
o.o 
o.o 
.o.o 

2659.8 



Table 3.2. 

1'iE2 
1c;e3 
l'iE4 
19E5 
19Ef 
&'OF? 

1'i ee 
19E9 
l'i'iQ 
19<;& 
19<;2 
19<;3 
1994 

.19<;5 
19<;f 
19<;7 
Jc;c;e 
l'i<;c; 
2000 
2001 
2002 
2003 
2004 
2005 
20C6 
20C7 
2008 
2occ; 
2010 

TCTAL 

Amount of spent fuel shipped to AFR No. 2 (Barnwell, S.C.) from individual generating sites (MTU). 

7 0. 1 
?Col 
c;t;,4 
<;6.0 

o.o 
o.o 
o.o 

12<;.2 
o.o 
c.o 
c.o 
o.o 
o.o 
o.o 
o.o 
c.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

46 1.8 

2 

14f.3 
194.3 
176.0 
2J2.4 
199. 1 
254.0 
2~7.~ 

257.2 
o.o 
o.o 
o.o 
o. 0 
o.o 
o.o 
o. 0 
c.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.u 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
u.o 

o.o 
o.c 
o.c 

29. 1 
5~. 1 
ee. 1 

5.':1. 1 
se. 1 

o.o 
o.o 
o.o 
o.o 
o.c 
o.o 
o.o 
o.o 
u.o 
o.c 
o.c 
o.o 
o.o 
o.o 
o.o 
0.\: 

o. ·~ 
o.c 
o.c 
o.o 
o.o 

4 

<;;4 •. 6 

144,9 
163.8 
16.>o8 
16.:3._,;, 
17<:..9 
209.0 
2oe.6 

o.o 
o.o 
o.o 
c.o 
o.o 
c.o 
o.o 
c.o 
o.o 
J,u 
o.u 
IJ • 0 

u.o 
(),<) 

o.o 
c.o 
c.u 
o.o 
o.o 
o.o 
o.o 

5 

7f. 2 
187.0 
240 ol 
293.0 
215.3 
270.4 
40Ze4 
333,4 

o.o 
u.c 
o.o 
o.o 
o.c 
o.o 
o.o 
o.o 
J,Q 
u.o 
u.o 
o.o 
o.c 
o.o 
o.o 
o.o 
o.o 
o.c 
u .. o 
o.o 
o.o 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
·o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
;),() 

o.o 
o.o 

o.o 

SOJRCF.S 
7 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
:>.o 
o.o 
o.o 

o.o 

o.o 
o.o 
o.o 
Ooll 
o • .) 
o.o 
o.o 
o.o 
o.o 
o.o 
o.a 
Oo:l 
(),;) 

o.o 
o,J 
o. :) 
(),I) 

o.a 
o. •) 
o.o 
o • .> 
o.J 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.:> 

9 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.o 

10 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o .• o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.o 

II 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.o 

. . . . . . . 
12 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.Q 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.o 

13 

o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 

o.o 



YE~R 

19f2 
19E'3 
1c;e4 
1c;es 
1'iE6· 
19€7 
1 c;ee· 
19Ec;. 
19SG 
1991 
199C: 
1993 
19'i'll 
19<;5 
1c;c;6 
19<;7 
19c;e 
19<;<; 
2000 
2001: 
zoo<: 
200~ 

2004 
200!: 
200€ 
20C' 
2oce 
20Cc; 
20 1(· 

TC T ~-L 

CoO 
OoO 
CoO 
OoO 
CoO 
CoO 
Coli 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
CoO 
OoO 
CoO 
OoO 
CoO 
CoO 
CoO 
o.o 
c.o 
o.o 
0 o•J 
o.o 
o.o 

o.o 

15 

o.o 
o.o 
0. ·J 
o.o 
O.J 
OoJ 

o.o 
o.o 
o.o 
o.o 
o.o 
CoO 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
c.o 
o.o 
o. 0 
CoO 
o. 0 
o.o 
o. 0 
c. 0 
o. 0 

o.o 

o.o 
o.o 

29.1 
o.o 
o.o 
CoO 
o.c 

f o. '.: 
o.c 
o.o 
o.o 
o.c 
o.c 
o.o 
o.o 
'JoO 
u.c 
;~.o 

o.c 
o.o 
o.o 
o.o 
o.c 
o.o 
o.o 
o.c 
o.c 
o.c 
o.c 

107.~ 

3 0 .i:l 
c;c;:.s 

1£do1 
o.o 
o.u 
o.o 
o.o 
o.o 
o.o 

-o. o 
o.o 
o.o 
u.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
u.o 
o.o 
o.o 
o.u 
o.o 
o.o 
o.o 
c.o 

2'5bo4 

Table 3.2. (Continued) 

18 

-o.o 
o.o 
o.o 
o.o 
o.o 
OoO 
o.o 
UoO 
o.o 
o.o 
CoO 
u.o 
o.o 
o.o 
OoO 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
J.o 
o.o 
o.o 
o.o 
o.o 
o.o 
o.o 
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Several interesting shipping decisions enter into the problem when the repository opens m 

1985. Between the years 1985 and 1989, the amount of spent fuel which can be sent directly to 

the repository is constrained. The optimization calculations minimized total system costs. In 

this case, it would be preferable to ship directly to the repository, since a single shipment is 

always less expensive than making two shipments which would be required if the fuel was sent 

to an AFR facility. In order to determine which generating sites will actually ship directly to 

the repository, the incremental costs which would be incurred if the shipment was diverted to 

an AFR facility must be considered. For this case, the generating sites (Regions 20-23) located 

in the western U.S. will ship directly to the repository, while the sites in the eastern part of the 

country continue to send their spent fuel to an AFR facility. 

It Is Important to point out that the shippmg dec1s1ons and relative use of the AFR 

facilities are a strong function of the repository location. <Jenera! conclusions as to how spent 
fuel would be transported and the desirability of specific AFR facility locations cannot be 

made from a single case study. 

Tht: numbt:r of rail and truck shipping casks required to move the spent fuel to the 

optimum destination is summarized in Figs. 3.3 and 3.4. The growth curve for both rail and 

truck casks follow the same general pattern. Between 1982 and 1989, there is a reasonable 
increase in the respective cask fleet requirements. However, in 1990, 'there is a sharp increase in 

the number of casks required. In that year, the AFR is closed, and all of the spent fuel must 

be sent to the repository. This means a longer shipment is required from the generating sites 
who, in the previous year, were shipping spent fuel to an AFR facility. The number of casks 

needed take an even greater jump in 1991. This is caused by two factors: (I) the AFR facilities 

are beginning to ship stored fuel to the repository at a combined rate of 2000 MTU/year 

(approximately 3 I rail casks are needed to make these shipments); and (2) the generating sites 

are starting to ship the backlog of pre-1977 fuel to the repository, which requires an additonal 
7 to 9 rail casks. The cask fleet requirements drop sharply in 1977 when the shipments from 
the AFR facilities are completed, and the backlog of pre-1977 fuel has been exhausted .. The 

same reasoning applies to the number of truck casks required except that, since it was assumed 
that only rail shipments would be made from the AFR 's to the repository, no truck casks were 

needed for that function. Again, location of the repository has a strong influence on the cask 

fleet requirements; hence, different repository locations, the cask fleet requirements will change 

significantly. 

4. SPENT FUEL SHIPMENT PROGRAM 

Tht: Spent Fuel Shipment Program is designed to predict the annual spent fuel shipments 

from each nuclear reactor in the U.S. A general outline of the program is presented in Sect. 

4.1, and a detailed description of the calculations performed is included in Sect. 4.2. Sections 
4.3 and 4.4 discuss data requirements and the organization of results respectively. 
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4.1 Program Description 

The Spent Fuel Shipment Program estimates the number of spent fuel assemblies 

transported annually from a nuclear reactor site to an AFR storage facility or a federal 

repository. The program also calculates (I) the number of rail or truck shipments required to 

move spent fuel from both pressurized water reactors (PWR) and boiling water reactors 

(BWR), and (2) the number of casks needed to make the required shipments to a predefined 

destination. 

Several parameters, which can be varied in the program, have a direct influence on the 

calculated amount of spent fuel shipped annually from a reactor site. These parameters include: 
(I) the year in which a storage facility will begin receiving spent fuel, (2) the minimum age of 

the fuel which will be accepted, and (3) the manner in which the backlog of long-cooled spent 

fuel will be worked off. The number of rail or truck shipments required to move the spent fuel 

is determined by the capacity of the spent fuel casks assumed. Both PWR and BWR rail and 

truck casks are considered. The estimate of the number of casks required is a function of the 

distance to the. storage facility, the average. carrier speed, the cask handling delays, and the 

cask availability during the year. 

Each reactor is treated as a separate unit by the program. Output information generated 

by the program indicates the exact number of spent fuel assemblies moved, the mode by which 
it is moved, and the total number of casks needed to service all U.s·. reactors. 

For reasons that will be enumerated below, it is convenient to divide all U.S. reactors into 

groups or regions. Each region will typically contain several reactors within a relatively small 

geographic area. Up to 30 regions can be identified by specifying the reactors contained within 

that region. The information described in the previous paragraph is also reported for each of 
the regions defined. By having the regions identical with the grouping used in the Spent Fuel 

Logistics Model (Sect. 3.1 ), the Spent Fuel Shipment program will generate part of the input 

data required by the logistics model, namely the metric tons of heavy metal shipped annually 
from each generating region. 

In addition to supplying information to the Spent Fuel Logistics Model, the Spent Fuel 
Shipment program can be used for simplified logistics problems. For example, the program 

calculates the size of the cask fleet needed to move spent fuel to predefined destinations. Any 

number of destinations can be chosen around the U.S. The program assumes all spent fuel is 

shipped to a single destination and repeats the cask fleet cal~ulations for each destination 
defined. If desired, the program is capable of considering a situation where different generating 

regions ship fuel to different destinations. 

4.2 Mathematical Basis 

Results calculated by the program are based on annual spent fuel discharge information 

for all U.S. reactors which have operated, are operating, or will operate between now and the 

year 2010. This information is available in the Nuclear Reactor Data Base that is described m 

Chapt. 5. 

In order to demonstrate the mathematical' basis of the program. a sample calculation 1s 

presentec1 in Ta hll': 4 I 



T.:..ble 4 .1. Sample calculatic·n of annual spent fuel shipm~nt 

Spent fuel Assemblies to be shieeed Number Number of 
discharges, 5-yt·-old IBac kl og Actual shiements of rai 1 rail casks 

Year assemblies fuel fuel Total Assemblies MTHM shipments required 

1976 0 
1977 0 
1978 52 
1979 104 
1980 104 
1981 104 -
1982 104 
1983 l 04 
1984 104 
1985 104 104 0 104 98 45.22 14 1.32 
1986 104 104 0 104 105 48.45 15 1.41 .j::. 

N 
1987 104 104 0 104 105 48.45 15 1.41 
1988 104 104 0 104 105 48.45 15 1.41 
1989 104 Hl4 0 104 105 48.45 15 1.41 
1990 104 104 0 104 105 48.45 15 1.41 
1991 104 104 31 135 133 61.37 19 1. 79 
1992 104 104 31 135 133 61.37 19 1. 79 
1993 104 104 31 135 140 64.60 20 1.88 
1994 104 104 31 135 133 . 61 .37 19 1. 79 
1995 104 104 32 136 133 61.37 19 1. 79 
1996 104 1 04 0 104 105 48.45 15 1.41 
1997 104 104 0 104 105 48.45 15 1.41 
1998 104 104 0 104 105 48.45 15 1.41 
1999 104 104 0 104 105 48.45 . 15 1.41 
2000 104 104 0 104 105 48.45 15 1.41 
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The reactor site chosen contains two PWR reactors that share a common spent fuel 

storage pool. Such reactors are considered as a single generating source. The number of 

assemblies discharged annually by the reactors is shown in the second column of Table 4.1 

(spent fuel discharge). Discharge data contained in the data base cover a time span between 

1961 and 2010. However, for convenience, only the years 1975-2000 are shown in Table 4.1. 

The AFR storage facility is assumed to receive 5-year-old (or older) fuel beginning in 1985. 

Therefore, in that year, the reactor will begin shipping fuel that was discharged in 1980. In 

1986, fuel disharged in 1981 will be shipped. All fuel discharged prior to 1980 (in this case, the 

156 assemblies indicated in Table 4.1) is classified as spent fuel backlog. Theoretially, this fuel 

could be sent to a receiving facility in 1985 since it has been aged more than five years. 

However, to prevent a large surge of spent fuel arriving at the AFR during the first year of 

operations, all backlogged fuel was assumed to be shipped at a uniform rate between 1991 and 

1995. The third column in Table 4.1 lists the shipments of 5-year-old fuel from the reactor, 

and the fourth column lists the shipments of the backlogged fuel. The total amount of fuel to 

be shipped from the reactor is shown in the fifth column. 

All spent fuel shipments will be made in shielded casks. The actual number of fuel 

assemblies sent to a storage facility is determined by considering the cask capacity and mode of 

transportation utilized. Three options have been included in order to model a wide range of 

scenarios. The three options are: 

(I) full cask loads and a single mode of transportation, 
(2) full cask loads and mixed modes of transportation, and 

(3) partial cask loads and a single mode of transportation. 

The first option will only utilize full cask loads, and any fuel not shipped will be held over 

until the next year. All reactors with rail access are assumed to make all shipments by rail; the 

remaining reactors are assumed to utilize truck shipments. The data shown in Table 4.1 were 

generated by assuming rail shipments that use a cask capable of carrying seven PWR 

assemblies. The number of assemblies actually shipped from the reactor, the corresponding 
metric tons of heavy metal, and the number of shipments made are shown in column_s 6, 7, 

and 8 respectively. 

The second shipping option would ship as much fuel as possible by rail and then ship the 

remaining fuel by truck. This option reduces the amount of fuel that must be stored at the 

reactor until the next year while still utilizing only full-load shipments. Hence it is conceivable 

that a few assemblies would not be shipped in a given year. For the results shown in Tahle 

4.1, 104 assemblies are to be shipped in 1985. Using option I, 14 rail shipments (98 assemblies) 

are made, and shipment of the remaining 6 assemblies are deferred until 1986. If option 2 was 

selected, 98 assemblies would still be shipped by rail with the remaining 6 assemblies being 

shipped by truck. Assuming a truck cask could handle only a single PWR assemhly, an 

additional 6-truck shipment would be scheduled for this reactor. 

The third option utilizes a single mode of transportation but will move all fuel scheduled 

to be shipped in a given year even if a partial load must be utilized. In practice, this option 

would probably not be cost effective, but it was included to cover all possible shipping 

scenarios. For the results shown in Table 4.1, 14 rail shipments, which move 98 assemblies, are 

scheduled in 1985. Using the third option, an extra rail shipment would be added to remove 
the other 6 assemblies. 
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After the total number of assemblies shipped each year has been determined, the program 

calculates the metric tons of heavy metal transported assuming each PWR assembly contains 

461 kg of heavy metal and each BWR assembly contains 183 kg of heavy metal. 
The final step in the calculations estimates the number of shipping casks required to make 

the necessary shipments shown in column 9 of Table 4.1. The distance between the reactor and 

storage facilities is calculated from the great circle distance between the two sites, with an 

additional 18% heing added to reflect the realistic distance of rail and truck routes. The 

elapsed time to make a round trip between reactor and storage facilities is based on the 

distance traveled, the average speed of transport, and the estimated times for loading and 

unloading. The values used for these variables in the example are: one-way shipping distance, 

2227 miles; average speed by rail, 7 mph, and the combined loading and unluadiug times, I 20 

hr. A rail cask would be expected to make a round trip in 31.5 days. As:.;uming a ca:sk is 

available for service 335 days/ year, 1.32 casks would be required to move the fuel In 1985. 

While not shown in the sample program, the issue of special trains can also be addressed. 

If the 'number of casks carried in a special train is specified, the annual shipments will be 

grouped into an integral number of special train shipments. Special trains can be required for 

the entire shipment or only the shipment of loaded casks. 
The calculations outlined above are made for each reactor in the Nuclear Data Base. The 

number of assemblies shipped, the number of rail and truck shipments, number of special 

trains, and the number of rail and truck casks required are summed for each region. 

4.3 Data Requirements 

A large amount ot data IS needed to make the calculatiuus uutli•ll:;d in Sect. 4.2. All of the 

nuclear reactor data -required are contained in The Nuclear Reactor Data Base, which is 

described in Chapt. 5. However, to determine the shipment schedules, additional infurmatiuu 

must be specified to describe the At'R, shipping casks, aud llamvu•tdtiu.-. mode ehuructcri3tio[J. 

The description required for a storage facility includes: 

(l) the first year that fuel is received, 

(2) the minimum age of the fuel to be received, 

(3) the fuel backlog aud how it is to be worked off, and 

(4) the lo«ations of the storage facilities. 

Several different AFR locations can be specified. However, the program assumes that items I 

through 3 apply to each location. The program calculates the number of tfiil nnd truck ca~k.!i 

required to transport all the spent fuel to each location. 
The capacity of each shipping cask used to transport the spent fuel from the reactor to an 

AFR must be supplied. The program considers only four different types of casks: PWR rail 

cask, PWR truck cask., BWR rail cask, und BWR truck cask. For each type of c;<tsk, the 

number of assemblies carried per trip and the cask availabilities in days/ year, are required. For 
each mode of transport, the average speed and loading-unloading times must be specified. 
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4.4 Program Output 

The first part of the program output lists all reactors in each of the nuclear generating 

regions that were defined. The number of spent fuel assemblies shipped annually by each 

reactor is also included. ~or each region considered, a series of tables summarize the following 

information for each year of the study: 

(I) total electrical generation capacity of PWR reactors, 

(2) total electrical generation capacity of BWR reactors, . 

(3) PWR assemblies shipped, 

(4) BWR assemblies shipped, 

(5) total metric tons of heavy metal shipped, 

(6) number of PWR rail shipments, 

(7) number of PWR truck shipments, 

(8) number of BWR rail shipments, and 

(9) number of BWR truck shipments. 

For each AFR receiving facility defined, an additional series of tables provide the 

following information: 

(I) number of PWR rail casks required, 

(2) number of PWR truck casks needed, 

(3) number of BWR rail casks required, and 

(4) number of BWR truck casks needed. 

Some additional information is also compiled to let the user know if the input data were 

prepared properly. This listing includes names of reactors which were defined to be in more 

than one region and those reactors which were not assigned to any region. 

For completeness, a final table shows the input data used to make the calculations and 

includes the following: 

(I) minimum storage period prior to shipment, 

(2) first-year shipments are allowed, 

(3) method of working off backlog, 

(4) shipment policy selected, 

(5) description of shipping casks, and 

(6) characteristics of modes of transportation. 
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5. NUCLEAR REACTOR DATA BASE 

A computerized data base describing all U.S. nuclear power plants, whether operating, 

under construction, or on order as of March 1, 1977, has been established. The data base 

contains a total of 208 entries and includes the following information for each reactor:H 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 
(7) 

(8) 

(9) 

(10) 

reactor name, 

location of reactor (city, county, and state); 

operating utility, 

type of reactor, 

electrical generating capacity, 
I 

date of actual or expected commercial operation, 

transportation modes available at reactor site (truck, rail, and/ or barge), 

spent fuel storage capacity, 

actual and projected spent fuel discharges between 1961 and 2010 for these 
reactors, and 

reactor coordinates (latitude and longitude). 

An example of the data base information is shown in Table 5.1 for four reactors: Byron- I, 

Byron-2, Braidwood-!, and Braidwood-2. 
Bryon-! and Byron-2 are identical 1120-MW PWR reactors sharing a common spent fuel 

storage pool. The reactors are owned and operated by Commonwealth Edison Corporation and 

are located in Ogle County approximately 4 miles south of Byron, Ill. (Byron-! is expected to 

be operational in October 1980, and the first spent fuel discharge is expected in 1981). Annual 

discharge of 64 assemblies are anticipated. Byron-2 will begin commercial operation in October 
1982, with its first spent fuel discharge occurring in 1983. Both reactors will share a common 

spent fuel storage pool with a usable capacity of 564 assemblies. 
The reactor locations are also included (42.049°N, 89.312°W). The latitude and longitude 

actually refers to the centroid of Ogle County rather than the precise location of the reactor. 

However, reasonably accurate shipping distances can be estimated using this information 

because typically the distance between the reactor and the centroid of the county is small. 

6. SUMMARY 

Development and testing of several mathematical models for optlmlZlng radioactive waste 

shipments has been completed. These models will play a major role in providing information 

for radioactive waste program planning and long-range management activities. 

Two logistics models have been developed: the Low-Level Waste Model and the Spent 

Fuel Logistics Model. Both models are now operational on the ORNL computer system. While 

each model was designed to simulate a particular waste movement, either model could be used 

to optimize the shipment of any commodity which would be shipped within the specific 

constraints outlined. 
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TABLE 5.1. 

SAMPLE OF NUCLEAR DATA BASE INFORMATION 

64 BYRON-1 
BYRON (4 MI S) 
OGLE COMMONWEALTH EDISON 
ILL PWR 1120 10 1980 TR 564 65 

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0. 0 0 0 0 
0 64 64 64 64 64 64 64 64 64 

64 64 64 64 64 64 64 64 64 64 
42.049 89.312 

65 BYRON-2 
BYRON (4 MI S) 
OGLE COMMONWEALTH EDISON 
ILL PWR 1120 10 1982 TR 0 64 

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 64 64 64 64 64 64 64 64 

64 64 64 64 64 64 64 64 64 64 
42.049 89.312 

66 BRAIDWOOD-1 
BRAIDWOOD 
WILL COMMONWEALTH EDISON 
ILL PWR 1120 10 1981 TR 505 67 

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 64 64 64 64 64 64 64 64 

64 64 64 64 64 64 64 64 64 64 
41.463 87.899 

67 BRAIDWOOD- 2 
BRAIDWOOD 
WILL COMMONWEALTH EDISON 
ILL PWR 1120 10 1982 TR 0 66 

0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 
0 0 0 64 64 64 64 64 64 64 

64 64 64 64 64 64 64 64 64 64 
41.463 87.899 

~ 
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