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1. INTRODUCTION 

A. Background and Motivation 

In order for an industrialized country like the United States to 

continue to grow economically, abundant energy at a reasonable cost 

must be available. Otherwise, as was recently evidenced by the Arab 

Oil Embargo, there will be a decrease in economic growth and an in- 

crease in inflation. As a result of these problems, which could con- 

ceivably reduce the economic prosperity of this nation, the United 

States government has stressed energy self-reliance and conservation. 

To obtain this self-reliance, the energy needs of the nation must be 

satisfied from domestic resources. In particular, of the domestic 

sources of energy available, only two fuels, coal and uranium, are 

abundant in the sense of providing a low-cost, high-energy resource. !3 

Upon examining the primary uses of these two fuels, coal and uranium 

are more suited for the production of electricity than for any other 

purpose./3 ‘However at present, when considering environmental, 

economic, and societal points of view, the energy obtained from uranium 

appears more acceptable for the generation of electricity than coal- 

burning and other technologies .?2 

To specifically note the electrical energy picture in the United 

States, generation of electricity is predicted to be the fastest grow- 

ing area of energy use.13 Examining past history, approximately 13 per 

cent of the fuel utilized in the United States in 1947 was for the 

production of electricity. By 1970, this figure had increased to 25 

per cent. By the year 2000, it is predicted that between 40 and 50 per



cent of the fuel consumed in the U.S. will be for the production of 

electricity./3 An important fact to consider is that as demand for 

electrical energy increases, there will be an associated demand in the 

resources necessary to produce this electricity. It is evident that 

oil and gas will become less important as supplies diminish and prices 

increase. Coal will take on a much greater responsibility. However, 

coal will not be able to do the job alone. At least through the year 

2000 and probably well beyond that time, the nuclear option has to be a 

Major contributor to the U.S. energy mix if it expects to have an 

adequate available electrical power supply.” 

Several studies examined the current and projected role of nuclear 

power, and concluded that nuclear power must grow from its 1976 share 

of 6.9% of total U.S. generating capacity to almost 50% by the year 

2000.2 -.A study, conducted by Arthur D. Little, Inc. in February 1977, 

forecast a fourfold increase in installed nuclear generating capacity 

between 1975 and 1985.2 This represents the nuclear role as 21% of 

the U.S. total generating capacity in 1985. Independent as well as 

government studies indicate that nuclear power must increase through 

this fourfold range if it is to be a major contributor of needed 

electrical energy in the year 1985 and beyond. 

Noting the above and many other similar projections, it seems 

that the nuclear industry.is expanding and growing quickly. But 

providing nuclear energy depends upon the fuel cycle, and there are 

several problems to be resolved. Specifically, at the front end of the 

cycle, there is a concern about the possibility of a uranium supply 

shortage. At the enrichment stage, the Nuclear Fuel Assurance Act,



which would have brought private capital into uranium enrichment, was 

disapproved by Congress. However, at the back end of the cycle, the 

situation is much worse. Despite the fact that proven technologies 

exist for managing spent nuclear fuel,?® the political debates and 

indecisions have lead to an executive order?’ stipulating that spent— 

fuel be stored and that a moritorium on reprocessing be enforced until 

the economic, political, and environmental implications are investigated 

further. As a result of this interim prohibition on reprocessing, 

recent governmental policy decisions dictate that strategies for 

managing spent nuclear fuel be developed. In particular, a key problem 

to be resolved includes the determination of optimal inventory with- 

drawal policies for spent nuclear fuel from on-site storage pools to 

respond to the re-initiation of reprocessing. 

B. The Problem and Objective 

The most serious problems within the nuclear industry today occur 

at the back end of the fuel cycle. The present standstill of repro- 

cessing in the U.S., and the uncertainties surrounding adequate 

reprocessing capacity in the future, can be attributed at least in part 

to the lack of an appropriate government regulatory policy declaration. 

Despite the fact that the current Presidential administration has 

declared a moratorium on reprocessing and plutonium recycle, analysts, 

although pessimistic, are convinced that reprocessing will be available 

40 in the future. As a result, the examination of any phase of the 

nuclear fuel cycle should take this likelihood into account.



A review of the literature has lead to the support of the con- 

clusions reached in a 1976 report by the Nuclear Regulatory Commission. 

In this report, the Commission expressed the situation quite clearly: 

"Tt has been assumed in the past that the uranium and 

plutonium in spent fuel would be recovered and recycled. 
Therefore, detailed analyses of the technology of spent 
fuel disposal (disposition) are not to be found in the 
literature."!5, 36 

Every year, each of the commercial nuclear reactors operating in 

the U.S. replaces between 25 and 40 tonnes of spent—fuel in the form of 

60 to 200 fuel assemblies.!4* Current reactor designs utilize the 

majority of the U-235 in the fuel augmented by the burnup of approxi- 

mately 0.2% of the U-238.2% The burnup of the U-238 results in the 

production of plutonium, a valuable fuel that can be recovered 

through reprocessing. Unfortunately, these power systems usually 

extract less than one per cent of the energy theoretically available 

from uranium fuel. At best, the energy recovered is only about two per 

cent. !* As a result of these low energy yields along with the 

depletion of fissile fuel material, accumulation of fission products, 

and other unfavorable irradiation effects, the fuel must be replaced 

periodically. This replacement of nuclear fuel creates a stockpile of 

spent-fuel at the reactor site. The direction the spent-fuel follows 

at this point is in limbo and awaits resolution. 

In order to close the back end of the fuel cycle, questions with 

regard to the disposition of irradiated spent-fuel must be answered. 

-Fuel discharged from light water reactors contains significant 

quantities of fissile material in the form of uranium and plutonium



isotopes. These fissile quantities are equivalent to about 50% of the 

original amount loaded into the reactor.29 As a result, energy system 

forecasters in the past, well aware of the value of the residual 

uranium and plutonium, have assumed that this valuable fuel would be 

recycled into reactors.2+ However, as has been previously noted, no 

recycling has occurred on a commercial scale in the U.S. since the 

shutdown of Nuclear Fuel Service's West Valley Plant. The continued 

delay in the expected re-initiation of reprocessing has forced reactor 

operators to store spent-fuel beyond the normal "cooling-of £" period in 

which short-lived radioactive fission products decay to manageable 

levels. This unexpected long term storage at on-site pools has lead to 

the accumulation of spent~fuel in the form of numerous assemblies of 

varying ages. Also the lack of reprocessing capability (capacity and 

availability) in recent years has resulted in present and foreseeable 

spent-fuel storage capacity shortages. Therefore, it is imperative 

that strategies for managing spent nuclear fuel be developed, particu- 

larly if the questions, primarily societal and economic, surrounding 

nuclear power are to be answered and justified in an appropriate 

manner. 

The objective of this effort is to address a key problem that must 

be resolved in determining strategies for managing spent nuclear fuel. 

Specifically, the objective is to determine an optimal inventory with- 

drawal policy (or policies) for stored spent nuclear fuel from on-site 

facilities. The policies identified will indicate the optimal response 

to the re-initiation of reprocessing. A model that addresses the 

problem is developed and presented along with the associated detailed



derivation. Results from analyzing and solving the spent-fuel-with- 

drawal model are also presented and the resulting specific policies are 

indentified. 

This effort is being examined from the utility perspective as 

opposed to that of a fuel reprocessor. This allows the maximum economic 

gain from fuel recycle to be examined from the reactor operator's point 

of view. This in effect will contribute to the minimization of the 

nuclear fuel cycle costs. 

C. The Approach 

The spent-fuel-withdrawal problem involves the interaction of the 

spent~fuel generation, time and capacity dependent reprocessing demand, 

and the marketability of valuable products available from spent-fuel. 

The amount of spent-fuel generated is dependent upon the type of 

reactor utilizing the nuclear fuel and the associated mode of oper- 

ation. In the United States, the pressurized water reactor (PWR) and 

boiling water reactor (BWR) serve as the primary nuclear power systems 

commercially available today. As of January 1, 1977 the installed 

nuclear capacity of 41,887 megawatts-~electric (MWe) was divided between 

24 BWRs and 35 PWRs. Each of these reactors have capacities varying 

from 48 to 1180 MWe.3° These reactors, produced by four major vendors 

of nuclear steam supply systems (Nsss) in the United States today, 

discharge spent-fuel in varying quantities and of various compositions. 

Therefore, the characteristics of the spent nuclear fuel are important 

in analyzing the economic disposition of spent-fuel.



Demand for spent-fuel can be examined from the standpoint of 

reprocessing availability and capacity. Probable dates for the re- 

initiation of reprocessing are projected on the basis of recent 

independent 2° and government!? studies. 

The application of the spent-fuel-withdrawal model is done on a 

per-reactor basis. The examination includes systems from each of the 

four major NSSS suppliers. Specifically, three PWR systems and one BWR 

system serve as representative models of the light water reactor (LWR) 

industry. Since the analysis is conducted on a per-reactor basis, all 

parameters (supplies, demands, and associated costs) are based upon 

the unit-reactor basis. This is appropriate because the recommended 

policy is for a single reactor system. However, the determined 

policies are applicable globally to all existing and planned nuclear 

plants. 

The spent-fuel-withdrawal problem is a time~dependent decision 

problem that is influenced by the uncertainties in the growth of 

nuclear power capacity, spent-fuel supply and demand, and the avail- 

ability of spent-fuel reprocessing. The determination of an appro- 

priate decision policy depends primarily upon the following: 

i. the. time at which a particular decision has to be made, 

2. the determination of an appropriate measure of effectiveness 

that will lead to an interpretable solution, and 

3. the determination of spent-fuel characteristics that allow for 

the choice of an appropriate measure of effectiveness. 

It is necessary that the decision as to the selection of an inven- 

tory withdrawal policy be based upon comparisons between the value of



spent-fuel currently in inventory and that continually being generated. 

The key to determining an appropriate policy is therefore to define and 

determine the economic gain realizable in spent-fuel and examine this 

gain dynamically. For this problem, an appropriate mathematical model 

is developed. However, the key to successful optimization of this 

model lies in the interaction of a computer oriented data set and the 

economic characteristics of spent~fuel. The data set must be designed 

to reflect the time-varying nature of the nuclear fuel cycle. 

'- The primary purpose of this study is: 

1. the identification and understanding of the key elements that 

define the spent-fuel inventory withdrawal problen, 

2. the development of an appropriate optimization model describ- 

ing the dynamic behavior of spent-~fuel, 

3. the implementation of an appropriate computer-oriented code 

incorporating the developed mathematical model and associated 

economic measures of effectiveness, and 

4. the determination of appropriate cost-effective strategies 

yielding definable withdrawal policies based upon the time- 

dependent behavior of nuclear power systems and their gener- 

ation of spent-fuel. 

The thesis comprises eight chapters. Following the introductory 

remarks, additional material on the nuclear fuel cycle and uncer- 

tainties facing the nuclear industry today are found in Chapter 2. 

Also included in the second chapter are examinations of the status of 

reprocessing in the U.S. and the role that nuclear energy has to play 

in meeting America's energy needs during the remainder of this centruy.



Chapter 3 presents the derivation of the spent-fuel-withdrawal model 

from three perspectives. First, modeling is secured through a dynamic 

programming approach. Second, the dynamic model is transformed into a 

Hitchcock problem designed to be solved as a minimum cost flow problem; 

and finally, modeling is completed through the derivation of a linear 

programming representation of the Hitchcock formulation. An economic 

measure of effectiveness is evaluated in Chapter 4 based upon potential 

economic gain that is realized by the recycle of fissile isotopes. 

Along with the determination of an appropriate measure of effectiveness 

considering both uranium and plutonium recycle and with uranium only 

recycle, are spent-fuel supply and demand projections per Gigawatt 

(electric) of installed nuclear capacity. Chapter 5 addresses the 

application and solution of the lLinear-transportation-modeled-spent—fuel- 

withdrawal model. Optimization results are presented in Chapter 6 and 

are organized according to the reprocessing scenarios examined. Con- 

clusions follow in Chapter 7 with the summary and recommendations 

discussed in Chapter 8. Additional results and a listing of the 

computer-oriented data-generating code are included in the appendix. 

D. Results 

A detailed discussion of the results is found in Chapter 6. Also, 

complete tabular results for all analyses are included in Appendix A. 

These results present definitive policies that serve as foundations for 

management decisions upon the re-initiation of reprocessing. The 

principal results of this study are presented below: 

1. Given recycle of both uranium and plutonium, and an associated
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organized market for each, the analyses conducted indicate 

that a last-in-first-out (LIFO) policy yields the maximum 

economic benefit. This policy is shown to be optimal based 

entirely upon the value associated with recovered uranium and 

plutonium. 

In the absence of marketability for plutonium (i.e. uranium 

recycle only), the profitability of spent-fuel is minimized 

and no discernable policy is determined that uniquely opti- 

mizes the recoverable value in spent-fuel over time. However 

the solutions appear to lean towards a modified LIFO policy. 

The results of this effort indicate that if the issues 

surrounding plutonium recycle and reprocessing are not settled 

as soon as possible, the valuable isotopes remaining in spent~- 

fuel become economically unattractive to recover. This is 

particularly true as storage and handling costs increase with 

time awaiting resolution of the controversy, and as the 

probability for assembly failures increase while held in 

storage, thus increasing storage costs.



2. DESCRIPTION OF THE SPENT-FUEL STORAGE PROBLEM 
  

A. An Overview of the Nuclear Fuel Cycle 

The nuclear fuel cycle is a sequence of operations and facilities 

which include all of the processes necessary for the utilization of 

nuclear fuel. This is separated into three categories that consist of 

the front end stages, irradiation stage, and the tail or back end 

stage. 3! This sequence of operations perform the functions necessary 

to process the nuclear fuel from the uranium ore through the reactor, 

to eventual disposal. 

The front end of the nuclear fuel cycle consists of those processes 

necessary to fabricate fuel assemblies suitable for use in nuclear 

power systems. The steps of the front end of the nuclear fuel cycle 

shown.in Figure 2.1, and consists of mining and milling of natural 

uranium, conversion of uranium mill product to uranium hexaflouride 

(UFg), enrichment of uranium, and the fabrication of fuel assemblies. 

The mining and milling operations occur primarily in the western United 

States. This is due to the fact that the majority of the domestic 

uranium ore is found in the sedimentary sandstone and mudstone deposits 

of the Colorado Plateau, the Wyoming Basins, and the Gulf Coastal Plain 

of Texas.23 Once mined, uranium ore is. processed in a mill which uses 

a number of conventional mechanical and chemical processes to separate 

the uranium from the host rock and other minerals. The uranium is 

recovered as yellowcake, a uranium salt containing between 70 and 80 

per cent U30g.3!} 

11
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The Light Water Reactor Nuclear Fuel Cycle 
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The U30g concentrate extracted from the ore is then converted to 

the compound uranium hexafluoride (UF¢) - The process utilized is the 

fluoride volatility process which involves three steps and concludes 

with a high-temperature fluoridation step. 3! This conversion from 

yellowcake is necessary in preparation for the enriching process. 

Following conversion to UF 6» the uranium must be enriched in its 

concentration of the fissile isotope U-235 in order to be effectively 

used in existing light water reactors. This is usually done by means 

of the gaseous diffusion process, a process which is based upon the 

difference in rates at which gases of different molecular weights | 

diffuse through a porous barrier. This process separates the natural 

uranium feed stream in the form of UF, into two output streams: 

enriched product and depleted uranium tails. The required product 

enrichment for current generation reactors varies between 2.5 and 4 per 

cent uranium-235. The remainder of the enriched uranium fuel consists 

almost entirely of the fertile isotope, uranium~238. 

The final step in the front end of the fuel cycle is fabrication. 

The enriched uranium produced in the enrichment plant is converted to 

pellets of uranium dioxide (U0,). The assembly of these pellets into a 

fixed structure, when completed, yields a fuel assembly ready for 

irradiation in the reactor. 

The second stage, irradiation of nuclear fuel, is the step in 

which energy is obtained from the fuel through the fission process. 

Each assembly in the reactor is burned at a specific power that may be 

the result of a complex decision process aimed at an overall economic 

optimization to allow for a total burnup.! Irradiation of the fuel
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occurs over a 3~ to 4-year period once the nuclear plant is operating 

at designed power levels. During this time, each kilogram of fuel will 

produce approximately 2000 million BTU resulting in the generation of 

200,000 kw-hr (electric) .3! 

The remaining series of stages shown in Figure 2.1, temporary spent- 

fuel storage, reprocessing of. spent-fuel, and waste storage, constitutes 

the tail or back end of the fuel cycle. This segment consists of those 

processes and activities required to dispose of the radioactive wastes 

produced and to reclaim the remaining uranium and/or plutonium found 

in the discharged fuel. 

Storage of spent-fuel is the first activity related to the back 

end of the fuel cycle after the irradiation in the reactor. In 

addition to uranium and plutonium, spent-fuel contains a variety of 

fission products. Most of these fission products are radioactive and 

constitute the principal sources of heat and radiation. During the 

storage period, the radioactivity and heat output decrease approximately 

according to the law pee, where t. is the time after removal from the 

reactor.2° Minimal storage time, on the order of 120 to 180 days, is 

necessary to allow for cooling of the spent-fuel assembly and the decay 

of short-lived fission products. The purpose of this cooling period is 

primarily for safety reasons to allow the volatile isotope iodine-131, 

with a half-life of 8.14 days, to decay to manageable levels.? 

Following storage for cooling, the spent-fuel is shipped to a 

reprocessing facility to reclaim the residual uranium and plutoniun, 

and to concentrate the radioactive fission products. In general, the 

reprocessing of spent-fuel consists of three steps: head-end treatment,
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solvent extraction, and product purification. During the head-end 

treatment, fuel elements are chopped into short sections and the fuel 

material is dissolved out by nitric acid. The uranium and plutonium 

are extracted from the fuel-acid solution using an organic solvent 

such as tributyl phosphate (TBP) dissolved in a kerosine~like hydro- 

carbon. + Through countercurrent mixing of organic and acid aqueous 

‘solutions in vertical columns or centrifugal contactors, the substances 

more soluble in one solution than in the other can be efficiently 

separated. 

Upon discharge from the reprocessing facility, radioactive wastes 

have to be solidified into an insoluble, non-leachable form. The 

solidified waste is packaged and placed in permanent repositories. 

This long term solution is designed to isolate wastes in geologic 

formations whose stability has been demonstrated over hundreds of 

thousands of years. 3! 

Note however that today, the once operable reprocessing and waste 

storage segments of the nuclear fuel cycle are inoperable. This 

portion of the fuel cycle is an area of primarily political and 

economic, not technological uncertainties.38 As a result of this 

inoperability of reprocessing and waste disposal, the fuel cycle has 

not been closed. 

The conclusion reached by this overview of the nuclear fuel cycle 

is that uranium, the primary circulatory constituent of the fuel cycle, 

can be limited by the capability to process it at both the "front" and 

"back" ends. Therefore, if the energy from nuclear fission is to
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contribute to the nation's energy needs, it is imperative that the 

fuel cycle be closed. 

B. Current Uncertainties Facing the Nuclear 

Fuel Cycle in the United States 

Since the nuclear fuel cycle is a dynamic system, there is no 

constant relationship between the amount of uranium mined and the 

amount of uranium charged into nuclear power plants.3! In particular, 

the requirements at the front end of the fuel cycle for uranium and 

enrichment are affected by the resources available and the recovery 

efficiency of uranium and plutonium from the tail end. 

At present, the nuclear industry is faced with continuing concerns 

for proliferation and waste disposal while at the same time having to 

cope with problems of an underdeveloped fuel cycle.°> According to a 

recent study by the Energy Research and Development Administration 

(ERDA), 2° the dilemma challenging the nuclear industry at the front end 

of the nuclear fuel cycle relates primarily to the availability of 

uranium resources and enrichment capacity to support the light water 

reactor (LWR) industry. The conclusions reached by this study indicate 

that in most phases of the fuel cycle for light water reactors, there 

exist present and/or foreseen constraints on the growth of the fission 

energy option. Specifically, there are insufficient known or projected 

supplies of uranium to support the growth of the LWR industry beyond 

about 1990-1995. Also established was that there currently exists 

insufficient enrichment capacity to support the projected growth of the 

industry beyond 1983.
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The expected cumulative demand for uranium in the form of U30, ‘in 

the United States is expected to increase from the 1976 demand of 

27,900 short tons to. over 2,194,800 short tons by the year 2000 if no 

recycle occurs. This figure can be reduced to 1,740,000 short tons in 

the year 2000 if plutonium and uranium recycle is allowed. These 

figures represent needed uranium resource if the diffusion plants 

operate at a 0.3% tails assay.°! As of August 1976, total uranium 

resources available at less than $35 per pound recovered were 

determined to be 1,275,000 short tons in the form of 130g. Of this 

amount, only 270,000 short tons are proven reserves with the remainder 

being only potential supplies.!? As can be immediately determined, a 

difference exists by a factor of two between the estimated cumulative 

demand for the uranium needed beyond the total consumption thru 1976 

and the available resource. Note also that over half of the projected 

supply is speculative. 

Also, it is not clear how adequate enrichment capacity will be 

supplied to support the nuclear industry beyond 1986. The ERDA 

diffusion plant complex is currently expanding and uprating through the 

Cascade Improvement Program (CIP) and the Cascade Uprating Program 

(cup).*! Included in present ERDA expansion plans is the capacity 

addition of 8.75 million SWU/yr to the Portsmouth Gaseous Diffusion 

Plant. In total, upon completion of the CUP, CIP, and the Portsmouth 

add-on, total U.S. enrichment capacity will be 36.75 million SWU/yr. tt 

Projections of annual separative work requirements in the United States 

exceeds that available, including new capacity, as early as 1985.27 »31
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The contributing factor to much of the speculation is that processes at 

the front end are highly investment-intensive with lead times ranging 

from eight to ten years. 

The most significant current uncertainties requiring solution are 

those. which influence the back end of the fuel cycle. At present, 

the back end is at a standstill because of regulatory uncertainties. 

The conclusion reached by the Energy Research and Development Adminis- 

tration (ERDA) in a recent study is that unless prompt and effective 

actions are taken for the safeguarding and handling of nuclear fuels, 

the use of fission energy will be limited.39 ERDA also points out that 

since the objection to closing the fuel cycle is primarily political 

and societal, there is concern as to whether or not industry, on its 

own, will be able to carry through with the commercialization of the 

“back end". 39 

The basic problem facing closure of the fuel cycle is realized 

as soon as the fuel is discharged from the reactor. As a result of a 

lack of a definitive decision to settle the controversy surrounding 

reprocessing and waste storage, utilities are forced to store their 

discharged fuel in on-site storage pools. This creates a problem due 

to the accumulation of spent~fuel beyond designed and regulatory 

capacity. This inability has also led to a delay in the issuance of 

construction permits for the reprocessing and mixed-oxide fuel 

fabrication plants that would be needed to initiate plutonium recycle. 

On August 21, 1974, the Atomic Energy Commission (AEC) issued for 

comment. a draft report entitled "Generic Environmental Statement on 

the Use of Recycle Plutonium in Mixed Oxide Fuel in Light Water Cooled
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Reactors (GESMO)". The Nuclear Regulatory Commission's (NRC) view 

and the controversy surrounding the recycle issue has created diffi- 

culties in closing the LWR fuel cycle in the U.S.?4 The delay in the 

issuance of the Final-GESMO, which was published in August 1976, has 

also adversely influenced the licensing of construction permits for 

reprocessing and mixed-oxide fuel fabrication plants. The resolution 

of the questions surrounding nixed-oxide fuel utilization are currently 

awaiting acknowledgement while in the process of a public hearing.@! 

Unless intelligent decisions are made now, the breeder reactor program 

along with millions of dollars spent towards developing fission 

technology will be in jeopardy. 

C. Reprocessing of Nuclear Fuel 

In The United States 

At present, there is no operating capability in the United States 

for the processing of spent commercial nuclear fuels. The state of 

regulatory uncertainty has prevented the nuclear industry from 

implementing plans to proceed with the required technologically proven 

programs necessary to close the nuclear fuel cycle. Unlike the breeder 

reactor, there is no technical necessity that mandates the use of 

reprocessing with light water reactors. Instead, the benefits of 

reprocessing the spent-fuel from light water reactors are argued to be 

three: an increase in the energy available from uranium resources, 

a reduction of the costs of nuclear power, and an easing of the problem 

of radioactive waste disposal. *®
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Interest in the reprocessing of nuclear fuels developed among 

' suppliers of nuclear power equipment who felt the need to assure their 

customers of a closed fuel cycle. The chemical companies had the 

necessary technological skill and background, and the oil companies 

hoped to expand their operations into other energy sources. 3 

The first plant to be built for reprocessing light water reactor 

fuels, was the West Valley, New York plant operated by Nuclear Fuel 

Services, Inc. Nuclear Fuel Services (now owned jointly by the Getty 

Oil Company and the Skelly Oil Company), designed and constructed a 

reprocessing plant with a capacity of 300 tons of spent-fuel] per year.? 

There were few power reactors when it opened in 1966, and fully two- 

thirds of the fuel reprocessed until 1972 was military fuel. This fuel 

was supplied by the Atomic Energy Commission under an agreement that 

effectively subsidized the plant. This plant operated intermittently 

from 1966 to 1972, when it shut down for modifications to increase its 

capacity and efficiency. The plan at the time was that the facility 

would be restarted in 1975. The planned expansion called for increas- 

ing the capacity to 750 tons of spent-fuel per year. Improvements 

specified in the modifications included improvements in the 

environmental-—protection features and for the installation of waste 

3 However, the facilities needed to meet new regulatory requirements. 

then Atomic Energy Commission decided that the modifications were so 

extensive that a new construction permit and operating license would 

be required. From last reports, the estimated costs of the modifi- 

cations had risen from $15 million to $600 million and Nuclear Fuel
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Services had withdrawn its application to the Nuclear Regulatory 

Commission for permission to reopen the plant.? While West Valley 

operated, the plant processed a total of 600 tons of spent—fuel, 76 

of which 244 tons were commercial LWR fuel. 2° 

A second plant located at Morris, Illinois; was constructed by the 

General Electric Company, Inc. The company was convinced that 

relatively small reprocessing plants might be built to serve a group 

of power reactors within a short shipping radius. As a result, the 

Midwest Fuel Recovery Plant was designed and built with a capacity of 

300 tons per year. The Morris plant included major departures from the 

typical Purex-TBP process, with the aim of minimizing the contribution 

of reprocessing costs to the cost of nuclear power. In the course of 

testing the plant equipment prior to startup, it was concluded that 

the problems of handling fine radioactive solids were far greater than 

anticipated. 3 These problems would preclude the successful operation 

of the plant, and as a result, General Electric decided to postpone 

the operation plans pending completion of further studies. 39 

In 1968, the Allied Chemical Corporation announced plans to build 

a 1500-ton-per-year fuel reprocessing plant in Barnwell, South Carolina. 

Construction of the plant was begun in 1971, and the originally planned 

facilities are complete. ? The design and construction at Barnwell of 

"tail end" facilities for the solidification of the waste for shipment 

to a federal repository and for the conversion of plutonium nitrate to 

solid plutonium oxide await decisions by the NRC and ERDA on the 

specifications and destinations of those materials. So far, Allied 

General has invested over $250 million in the plant with the additional
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waste and plutonium handling facilities expected to cost another $250 

million.3 At present, Allied General's request for an operating. 

license is in jeopardy. The President's Policy statement of April 20, 

1977 specifically denied government subsidy to support the Barnwell 

facility. The President also recommended the indefinite post- 

ponement of commercial reprocessing in the United States.? 

A fourth plant, to be built by Exxon Nuclear, is planned to have 

a nominal reprocessing capacity of 1500-tons-per-year. The proposed 

construction site has been announced as part of the ERDA acreage at 

Oak Ridge, Tennessee. ? The company is awaiting final approval of site 

acquisition and the NRC's satisfaction of company complience with 

siting and licensing regulations. 

Although the past history reflects a great deal of uncertainty | 

with regard to spent-fuel reprocessing; analysts, although pessimistic, 

are convinced that reprocessing will eventually be available. A 

detailed study by Macek?> concluded that the earliest date reprocessing 

would be available would be 1979. This noted the start-up of the 

Barnwell Plant in 1979, followed by Nuclear Fuel Services in 1981, and 

Exxon in 1985. A fourth plant of 1500 tonnes per year capacity is 

projected to begin operation in 1987. 

Macek determines that under his scenario of uranium pricing and 

developing reprocessing capacity, if reprocessing is not initiated 

prior to mid-1982, the back end of the fuel cycle will forever be a 

financial liability.
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�S� �C�u�r�r�e�n�t� �t�o� �c�o�n�s�t�r�u�c�t� �a�n�d� �b�e�g�i�n� �o�p�e�r�a�t�i�o�n� �o�f� �a� �n�u�c�l�e�a�r� �p�o�w�e�r� �f�a�c�i�l�i�t�y�.� 

�p�r�o�j�e�c�t�i�o�n�s� �b�y� �t�h�e� �n�r�c�,� �!�?� �E�R�D�A�,� �a�n�d� �t�h�e� �E�d�i�s�o�n� �E�l�e�c�t�r�i�c� �I�n�s�t�i�t�u�t�e�?�!� 

�(�E�E�I�)� �c�o�n�c�l�u�d�e� �t�h�a�t� �a� �l�o�w� �g�r�o�w�t�h� �p�r�o�j�e�c�t�i�o�n� �w�i�t�h�o�u�t� �b�r�e�e�d�e�r� �r�e�a�c�t�o�r�s� 

�a�p�p�e�a�r�s� �t�o� �b�e� �t�h�e� �m�o�s�t� �l�i�k�e�l�y� �n�u�c�l�e�a�r� �c�a�p�a�c�i�t�y� �g�r�o�w�t�h� �a�p�p�l�i�c�a�b�l�e� 

�t�h�r�o�u�g�h� �t�h�e� �y�e�a�r� �2�0�0�0�.� �T�h�e� �N�R�C� �a�n�d� �E�R�D�A� �f�o�r�e�c�a�s�t� �s�p�e�c�i�f�i�c�a�l�l�y� �p�r�o�j�e�c�t�s� 

�a�n� �i�n�s�t�a�l�l�e�d� �n�u�c�l�e�a�r� �c�a�p�a�c�i�t�y� �o�f� �1�5�6�,�0�0�0� �M�W�e� �i�n� �1�9�8�5� �a�n�d� �5�0�7�,�0�0�0� �M�W�E� 

�i�n� �t�h�e� �y�e�a�r� �2�0�0�0�.� �T�h�e� �p�r�o�j�e�c�t�i�o�n� �b�y� �t�h�e� �E�d�i�s�o�n� �E�l�e�c�t�r�i�c� �I�n�s�t�i�t�u�t�e� 

�f�o�r� �t�h�e� �l�o�w� �g�r�o�w�t�h� �s�c�e�n�a�r�i�o� �i�s� �a� �f�e�w� �p�e�r� �c�e�n�t� �l�o�w�e�r�.� �A�s� �a� �r�e�s�u�l�t� �o�f� 

�e�x�a�m�i�n�i�n�g� �r�e�a�c�t�o�r� �d�e�m�a�n�d�s� �a�n�d� �t�h�e� �a�f�o�r�e�m�e�n�t�i�o�n�e�d� �n�u�c�l�e�a�r� �c�a�p�a�c�i�t�y� 

�p�r�o�j�e�c�t�i�o�n�s�,� �a� �c�o�m�p�r�o�m�i�s�e�d� �n�u�c�l�e�a�r� �g�r�o�w�t�h� �p�r�o�j�e�c�t�i�o�n� �t�h�r�u� �1�9�9�7� �i�s� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �2�.�2� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �r�e�a�c�t�o�r� �m�i�x�,� �N�u�c�l�e�a�r� �g�e�n�e�r�a�t�i�n�g� 

�c�a�p�a�c�i�t�y� �t�h�r�o�u�g�h� �1�9�8�7� �i�s� �b�a�s�e�d� �u�p�o�n� �t�h�o�s�e� �p�l�a�n�t�s� �s�c�h�e�d�u�l�e�d� �f�o�r� �s�t�a�r�t�-�u�p� 

�b�y� �t�h�e� �e�n�d� �o�f� �1�9�8�7�,� �g�i�v�e�n� �a� �t�e�n�-�y�e�a�r� �l�e�a�d� �t�i�m�e� �a�s� �a� �f�i�r�m� �c�o�m�m�i�t�m�e�n�t�.� 

�T�h�e� �p�r�o�j�e�c�t�i�o�n� �b�e�y�o�n�d� �1�9�8�7� �r�e�f�l�e�c�t�s� �t�h�e� �E�R�D�A�,� �N�R�C�,� �a�n�d� �E�E�I� �l�o�w� �g�r�o�w�t�h� 

�p�r�o�j�e�c�t�i�o�n�s�.� �T�h�i�s� �p�r�o�j�e�c�t�i�o�n� �s�h�a�l�l� �s�e�r�v�e� �a�s� �a� �b�a�s�i�s� �f�o�r� �t�h�i�s� �s�t�u�d�y�.� 

�W�h�i�l�e� �r�e�p�o�r�t�s� �h�a�v�e� �v�a�r�i�e�d� �a�n�d� �h�a�v�e� �b�e�e�n� �a�r�g�u�m�e�n�t�a�t�i�v�e� �a�s� �t�o� �t�h�e� 

�e�x�t�e�n�t� �n�u�c�l�e�a�r� �w�i�l�l� �c�o�n�t�r�i�b�u�t�e� �t�o� �t�h�e� �t�o�t�a�l� �e�l�e�c�t�r�i�c� �g�e�n�e�r�a�t�i�n�g� �c�a�p�a�c�i�t�y� 

�i�n� �t�h�e� �f�u�t�u�r�e�,� �n�u�c�l�e�a�r� �e�n�e�r�g�y� �i�s� �s�t�i�l�l� �e�x�p�e�c�t�e�d� �t�o� �a�c�c�o�u�n�t� �f�o�r� �m�o�r�e� 

�t�h�a�n� �h�a�l�f� �o�f� �t�h�e� �t�o�t�a�l� �e�l�e�c�t�r�i�c�a�l� �g�e�n�e�r�a�t�i�n�g� �c�a�p�a�c�i�t�y� �b�y� �t�h�e� �y�e�a�r� 

�2�0�0�0�.�1�3



�T�a�b�l�e� �2�.�2�.� 

�2�6� 

�I�n�s�t�a�l�l�e�d� �N�u�c�l�e�a�r� �C�a�p�a�c�i�t�y� �3�5� �1�7�»� �3�1� 

� � 

�T�o�t�a�l� �C�a�p�a�c�i�t�y� �B�W�R� �C�a�p�a�c�i�t�y� �P�W�R� �C�a�p�a�c�i�t�y� 

� � 

� � 

�Y�e�a�r� �(�G�W�e�)� �(�G�W�e�)� �(�G�W�e�)� 

�1�9�7�6� �4�1�.�8�8�7� �1�6�.�0�3�3� �2�5�.�8�5�4� 
�1�9�7�7� �5�0�.�3�6�4� �1�7�.�9�2�1� �3�2�.�4�4�3� 
�1�9�7�8� �5�5�.�2�9�2� �1�7�.�9�2�1� �3�7�.�3�7�1� 
�1�9�7�9� �6�3�.�4�8�0� �2�0�.�6�2�9� �4�2�.�8�5�1� 
�1�9�8�0� �7�4�.�6�4�1� �2�4�.�9�5�0� �4�9�.�6�9�1� 
�1�9�8�1� �9�2�.�1�5�1� �2�9�.�2�9�5� �6�2�.�8�5�6� 
�1�9�8�2� �1�0�7�.�5�5�2� �3�3�.�2�4�0� �7�4�.�3�1�2� 
�1�9�8�3� �1�2�5�.�8�7�5� �4�1�.�3�4�4� �8�4�.�5�3�1� 
�1�9�8�4� �1�4�5�.�6�5�9� �4�7�.�0�6�0� �9�8�.�5�9�9� 
�1�9�8�5� �1�6�1�.�9�2�8� �5�2�.�9�4�8� �1�0�8�.�9�8�0� 
�1�9�8�6� �1�7�6�.�7�3�6� �5�6�.�4�5�3� �1�2�0�.�2�8�3� 

�1�9�8�7� �1�8�2�.�3�9�4� �5�8�.�7�8�1� �1�2�3�.�6�1�3� 
�1�9�8�8� �1�9�5�.�0�0�0� �6�2�.�9�8�3� �1�3�2�.�0�1�7� 
�1�9�8�9� �2�0�4�.�0�0�0� �6�5�.�9�8�3� �1�3�8�.�0�1�7� 
�1�9�9�0� �2�1�3�.�0�0�0� �6�8�.�9�8�3� �1�4�4�.�0�1�7� 
�1�9�9�1� �2�2�5�.�0�0�0� �7�2�.�9�8�3� �1�5�2�.�0�1�7� 
�1�9�9�2� �2�4�6�.�0�0�0� �7�9�.�9�8�3� �1�6�6�.�0�1�7� 
�1�9�9�3� �2�7�4�.�5�0�0� �8�9�.�4�8�3� �1�8�5�.�0�1�7� 
�1�9�9�4� �3�1�3�.�5�0�0� �1�0�2�.�4�8�3� �2�1�1�.�0�1�7� 
�1�9�9�5� �3�4�5�.�0�0�0� �1�1�2�.�9�8�3� �2�3�2�.�0�1�7� 
�1�9�9�6� �3�8�1�.�0�0�0� �1�2�4�.�9�8�3� �2�5�6�.�0�1�7� 
�1�9�9�7� �4�0�9�.�5�0�0� �1�3�4�.�4�8�3� �2�7�5�.�0�1�7� � � � � � � � � � 



�3�.� �D�E�R�I�V�A�T�I�O�N� �O�F� �T�H�E� �S�P�E�N�T�~�F�U�E�L� �W�I�T�H�D�R�A�W�A�L� �M�O�D�E�L� 

�A�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �S�p�e�n�t�-�F�u�e�l�-�W�i�t�h�d�r�a�w�a�l� �P�r�o�b�l�e�m� 

�I�n� �t�h�e� �b�a�c�k�g�r�o�u�n�d� �i�n�f�o�r�m�a�t�i�o�n� �o�n� �t�h�e� �c�u�r�r�e�n�t� �s�t�a�t�u�s� �o�f� �t�h�e� �p�o�s�t�-� 

�r�e�a�c�t�o�r� �f�u�e�l� �c�y�c�l�e�,� �i�t� �w�a�s� �p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �a�s� �n�u�c�l�e�a�r� �p�o�w�e�r� �c�o�n�t�i�n�u�e�s� 

�t�o� �g�r�o�w� �a�n�d� �c�o�n�t�r�i�b�u�t�e�s� �a� �l�a�r�g�e�r� �s�h�a�r�e� �t�o� �A�m�e�r�i�c�a�'�s� �e�n�e�r�g�y� �n�e�e�d�s�,� �t�h�e� 

�q�u�e�s�t�i�o�n�s� �w�i�t�h� �r�e�g�a�r�d� �t�o� �t�h�e� �d�i�s�p�o�s�i�t�i�o�n� �o�f� �i�r�r�a�d�i�a�t�e�d� �f�u�e�l� �m�u�s�t� �b�e� 

�a�n�s�w�e�r�e�d�.� �S�p�e�n�t�-�f�u�e�l� �d�i�s�c�h�a�r�g�e�d� �f�r�o�m� �t�h�e� �o�p�e�r�a�t�i�n�g� �r�e�a�c�t�o�r�s� �w�i�l�l� 

�c�o�n�t�i�n�u�e� �t�o� �a�c�c�u�m�u�l�a�t�e� �a�t� �o�n�-�s�i�t�e� �s�t�o�r�a�g�e� �f�a�c�i�l�i�t�i�e�s�.� �T�h�i�s� �p�r�o�b�l�e�m� 

�p�e�r�s�i�s�t�s� �u�n�t�i�l� �r�e�p�r�o�c�e�s�s�i�n�g� �i�s� �o�n�c�e� �a�g�a�i�n� �a�n� �i�n�t�e�g�r�a�l� �p�a�r�t� �o�f� �t�h�e� �f�u�e�l� 

�c�y�c�l�e� �o�r� �u�n�t�i�l� �t�h�e� �g�o�v�e�r�n�m�e�n�t� �m�a�k�e�s� �a� �d�e�c�i�s�i�o�n� �t�o� �m�a�n�a�g�e� �p�e�r�m�a�n�e�n�t� 

�w�a�s�t�e� �d�i�s�p�o�s�a�l�.� 

�M�a�c�e�k�2�°� �d�e�m�o�n�s�t�r�a�t�e�s� �t�h�a�t� �s�p�e�n�t�-�f�u�e�l� �s�h�o�u�l�d� �b�e� �s�t�o�r�e�d� �o�n�-�s�i�t�e� 

�a�t� �t�h�e� �r�e�a�c�t�o�r� �a�s� �o�p�p�o�s�e�d� �t�o� �o�f�f�-�s�i�t�e� �a�t� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �p�l�a�n�t� �o�r� �a�t� 

�a� �r�e�p�o�s�i�t�o�r�y�.� �A�s�s�u�m�i�n�g� �f�u�t�u�r�e� �r�e�p�r�o�c�e�s�s�i�n�g� �s�t�a�r�t�-�u�p�,� �t�h�e� �u�t�i�l�i�t�y� �w�i�l�l� 

�b�e� �f�a�c�e�d� �w�i�t�h� �t�h�e� �d�e�c�i�s�i�o�n� �o�f� �h�o�w� �t�o� �r�e�l�i�e�v�e� �l�a�r�g�e� �s�t�o�r�e�s� �o�f� �s�p�e�n�t�-�f�u�e�l� 

�i�n� �t�h�e� �f�a�c�e� �o�f� �a� �c�o�n�t�i�n�u�a�l� �s�p�e�n�t�-�f�u�e�l� �s�u�p�p�l�y�.� 

�T�h�e� �s�p�e�n�t�-�f�u�e�l�-�w�i�t�h�d�r�a�w�a�l� �p�r�o�b�l�e�m� �i�s� �a� �p�l�a�n�n�i�n�g� �p�r�o�b�l�e�m� �w�h�i�c�h� �c�a�n� 

�b�e� �e�x�p�a�n�d�e�d� �i�n�t�o� �a� �d�e�c�i�s�i�o�n� �m�o�d�e�l� �s�p�a�n�n�i�n�g� �a� �n�u�m�b�e�r� �o�f� �t�i�m�e� �p�e�r�i�o�d�s�.� 

�B�e�f�o�r�e� �t�h�e� �m�o�d�e�l� �c�a�n� �b�e� �c�o�n�s�t�r�u�c�t�e�d�,� �d�e�c�i�s�i�o�n�s� �a�p�p�l�i�c�a�b�l�e� �t�o� �e�a�c�h� 

�m�o�d�e�l�i�n�g� �a�p�p�r�o�a�c�h� �m�u�s�t� �f�i�r�s�t� �b�e� �m�a�d�e�.� �I�n� �p�a�r�t�i�c�u�l�a�r�,� �t�h�e� �l�e�n�g�t�h� �o�f� 

�t�h�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�,� �t�h�e� �m�a�x�i�m�i�z�a�t�i�o�n� �o�r� �m�i�n�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e� 

�f�u�n�c�t�i�o�n�,� �a�n�d� �t�h�e� �s�p�e�c�i�f�i�c� �a�s�s�u�m�p�t�i�o�n�s� �n�e�c�e�s�s�a�r�y� �f�o�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� 

�a�r�e� �r�e�q�u�i�r�e�d�.� 

�I�r�r�a�d�i�a�t�e�d� �f�u�e�l� �c�o�n�t�a�i�n�s� �s�i�g�n�i�f�i�c�a�n�t� �q�u�a�n�t�i�t�i�e�s� �o�f� �f�i�s�s�i�l�e� 

�'� �M�a�t�e�r�i�a�l�;� �o�f�t�e�n� �a�s� �m�u�c�h� �a�s� �5�0�4� �o�f� �t�h�e� �a�m�o�u�n�t� �o�r�i�g�i�n�a�l�l�y� �l�o�a�d�e�d� �i�n�t�o� �t�h�e� 

�2�7



�2�8� 

�r�e�a�c�t�o�r�.�2�9� �G�i�v�e�n� �t�h�e� �r�e�l�a�t�i�v�e� �s�c�a�r�c�i�t�y� �o�f� �t�h�e� �f�i�s�s�i�l�e� �i�s�o�t�o�p�e� �u�r�a�n�i�u�m�-� 

�2�3�5�,� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �t�h�e� �b�r�e�e�d�e�r� �r�e�a�c�t�o�r� �p�r�o�g�r�a�m� �t�h�e� �r�e�c�y�c�l�e�a�b�l�e� 

�u�r�a�n�i�u�m� �i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �m�a�y� �c�o�n�s�t�i�t�u�t�e� �a� �v�a�l�u�a�b�l�e� �e�n�e�r�g�y� �r�e�s�o�u�r�c�e�.� 

�A�l�s�o�,� �a�s� �t�h�e� �n�e�e�d� �f�o�r� �a�d�d�i�t�i�o�n�a�l� �e�n�e�r�g�y� �s�o�u�r�c�e�s� �a�p�p�e�a�r�,�.� �t�h�e� �f�i�s�s�i�l�e� 

�p�l�u�t�o�n�i�u�m� �f�o�u�n�d� �i�n� �s�p�e�n�t�~�f�u�e�l� �a�l�s�o� �r�e�p�r�e�s�e�n�t�s� �a� �v�a�l�u�a�b�l�e� �e�n�e�r�g�y� 

�r�e�s�o�u�r�c�e�.� 

�A�c�t�i�v�i�t�i�e�s� �r�e�l�a�t�i�n�g� �t�o� �t�h�e� �m�a�n�a�g�e�m�e�n�t� �o�f� �s�p�e�n�t�-�f�u�e�l� �i�n� �t�h�e� �b�a�c�k� 

�e�n�d� �o�f� �t�h�e� �f�u�e�l� �c�y�c�l�e� �a�r�e� �p�r�i�m�a�r�i�l�y� �c�o�n�t�r�o�l�l�e�d� �b�y� �e�c�o�n�o�m�i�c�s�.� �T�h�u�s�,� 

�w�i�t�h� �t�h�e� �q�u�e�s�t�i�o�n� �o�f� �w�h�e�t�h�e�r� �o�r� �n�o�t� �t�o� �p�r�o�c�e�e�d� �w�i�t�h� �r�e�p�r�o�c�e�s�s�i�n�g� �s�t�i�l�l� 

�u�n�a�n�s�w�e�r�e�d�,� �i�t� �i�s� �i�m�p�o�r�t�a�n�t� �t�h�a�t� �t�h�e� �e�c�o�n�o�m�i�c� �g�a�i�n� �r�e�a�l�i�z�e�d� �w�i�t�h� �r�e�c�y�c�l�e� 

�b�e� �f�i�r�m�l�y� �u�n�d�e�r�s�t�o�o�d� �a�n�d� �e�s�t�a�b�l�i�s�h�e�d�.� �T�h�e� �g�r�e�a�t�e�r� �t�h�e� �e�c�o�n�o�m�i�c� �g�a�i�n� 

�w�i�t�h� �r�e�c�y�c�l�e�,� �t�h�e� �g�r�e�a�t�e�r� �t�h�e� �i�n�c�e�n�t�i�v�e� �t�o� �r�e�p�r�o�c�e�s�s�.� �T�h�e�r�e�f�o�r�e�,� 

�f�o�r� �t�h�e� �a�b�o�v�e� �r�e�a�s�o�n�s�,� �t�h�e� �l�o�g�i�c�a�l� �a�p�p�r�o�a�c�h� �i�s� �t�o� �c�h�o�o�s�e� �t�h�e� �m�a�x�i�-� 

�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �e�c�o�n�o�m�i�c� �g�a�i�n� �r�e�a�l�i�z�e�d� �w�i�t�h� �t�h�e� �r�e�c�y�c�l�e� �o�f� �u�r�a�n�i�u�m� 

�a�n�d�/�o�r� �p�l�u�t�o�n�i�u�m� �f�r�o�m� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �t�o� �b�e� �t�h�e� �o�b�j�e�c�t�i�v�e�.� 

�F�o�r� �m�o�d�e�l�i�n�g� �p�u�r�p�o�s�e�s�,� �a� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �o�f� �f�i�n�i�t�e� �l�e�n�g�t�h� �w�i�l�l� �b�e� 

�c�h�o�s�e�n�.� �T�h�e� �t�i�m�e� �p�e�r�i�o�d� �s�h�o�u�l�d� �b�e� �o�f� �s�u�f�f�i�c�i�e�n�t� �l�e�n�g�t�h� �t�o� �i�n�c�l�u�d�e� 

�i�m�p�o�r�t�a�n�t� �o�c�c�u�r�a�n�c�e�s� �s�u�c�h� �a�s� �t�h�e� �r�e�s�u�m�p�t�i�o�n� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �a�n�d�/�o�r� �a�n�y� 

�n�e�w� �d�e�v�e�l�o�p�m�e�n�t�s� �i�n� �r�e�a�c�t�o�r� �t�e�c�h�n�o�l�o�g�y�.� �A�l�s�o�,� �s�i�n�c�e� �t�h�e� �m�a�j�o�r�i�t�y� �o�f� 

�t�h�e� �c�o�m�m�e�r�c�i�a�l� �n�u�c�l�e�a�r� �p�l�a�n�t�s� �i�n� �o�p�e�r�a�t�i�o�n� �a�n�d� �i�n� �p�a�r�t�i�c�u�l�a�r� �t�h�e� �p�l�a�n�t�s� 

�t�h�a�t� �w�i�l�l� �s�e�r�v�e� �a�s� �r�e�f�e�r�e�n�c�e� �i�n� �t�h�e� �m�o�d�e�l� �d�e�v�e�l�o�p�m�e�n�t�,� �o�p�e�r�a�t�e� �o�n� �a�n� 

�a�n�n�u�a�l� �c�y�c�l�e�,� �t�h�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �w�i�l�l� �b�e� �d�i�v�i�d�e�d� �i�n�t�o� �p�e�r�i�o�d�s� �o�f� �o�n�e�-� 

�y�e�a�r� �d�u�r�a�t�i�o�n�.� �C�o�n�s�e�q�u�e�n�t�i�a�l�l�y�,� �t�h�e� �h�o�r�i�z�o�n� �s�h�a�l�l� �b�e� �t�a�k�e�n� �a�s� �a� �t�w�e�n�t�y�-� 

�y�e�a�r� �p�e�r�i�o�d� �e�x�t�e�n�d�i�n�g� �f�r�o�m� �1�9�7�7� �t�o� �1�9�9�7�.� 

�P�a�r�t�i�c�u�l�a�r� �a�s�s�u�m�p�t�i�o�n�s� �a�r�e� �n�e�c�e�s�s�a�r�y� �f�o�r� �t�h�e� �s�a�t�i�s�f�a�c�t�o�r�y� �d�e�r�i�v�a�-� 

�t�i�o�n� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n� �o�f� �a� �m�o�d�e�l�.� �F�i�r�s�t�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �a� �r�e�a�c�t�o�r�'�s



�2�9� 

�o�n�-�s�i�t�e� �s�t�o�r�a�g�e� �c�a�p�a�b�i�l�i�t�y� �i�s� �n�o�t� �c�o�n�s�t�r�a�i�n�e�d� �a�s� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� 

�a�s�s�e�m�b�l�i�e�s� �i�t� �c�a�n� �s�t�o�r�e�.� �T�h�i�s� �a�s�s�u�m�e�s� �t�h�a�t� �r�e�a�c�t�o�r� �o�p�e�r�a�t�o�r�s� �w�i�l�l� 

�e�x�p�a�n�d� �s�t�o�r�a�g�e� �f�a�c�i�l�i�t�i�e�s� �a�s� �n�e�c�e�s�s�a�r�y�.� �S�e�c�o�n�d�,� �u�p�o�n� �t�h�e� �r�e�s�u�m�p�t�i�o�n� 

�o�f� �r�e�p�r�o�c�e�s�s�i�n�g�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �a� �m�a�r�k�e�t� �e�x�i�s�t�s� �t�o� �w�a�r�r�a�n�t� �r�e�c�o�v�e�r�y� 

�o�f� �t�h�e� �u�r�a�n�i�u�m� �a�n�d� �p�l�u�t�o�n�i�u�m� �f�r�o�m� �t�h�e� �s�p�e�n�t�-�f�u�e�l�.� �T�h�i�s� �i�s� �n�e�c�e�s�s�a�r�y� 

�s�o� �t�h�a�t� �t�h�e� �p�o�t�e�n�t�i�a�l� �e�c�o�n�o�m�i�c� �g�a�i�n� �c�a�n� �b�e� �a�n�a�l�y�z�e�d�.� �T�h�e� �s�i�t�u�a�t�i�o�n� 

�w�h�e�r�e� �n�o� �m�a�r�k�e�t�a�b�i�l�i�t�y� �f�o�r� �p�l�u�t�o�n�i�u�m� �e�x�i�s�t�s� �i�s� �b�e�i�n�g� �e�x�a�m�i�n�e�d� �l�a�t�e�r�.� 

�A�l�s�o� �t�o� �b�e� �a�s�s�u�m�e�d� �i�s� �t�h�a�t� �d�e�m�a�n�d� �f�o�r� �r�e�p�r�o�c�e�s�s�i�n�g� �s�e�r�v�i�c�e�s� �i�n� �a�n�y� 

�g�i�v�e�n� �y�e�a�r� �d�o�e�s� �n�o�t� �e�x�c�e�e�d� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y�.� 

�B�.� �T�h�e� �D�y�n�a�m�i�c� �P�r�o�g�r�a�m�m�i�n�g� �F�o�r�m�u�l�a�t�i�o�n� 

�T�h�e� �o�b�j�e�c�t�i�v�e� �i�n� �f�o�r�m�u�l�a�t�i�n�g� �t�h�e� �s�p�e�n�t�~�f�u�e�l�~�i�n�v�e�n�t�o�r�y�-�w�i�t�h�d�r�a�w�a�l� 

�m�o�d�e�l� �i�s� �t�o� �p�r�o�v�i�d�e� �a� �f�r�a�m�e�w�o�r�k� �w�i�t�h�i�n� �w�h�i�c�h� �a�l�t�e�r�n�a�t�i�v�e� �i�n�v�e�n�t�o�r�y� 

�d�e�p�l�e�t�i�o�n� �s�t�r�a�t�e�g�i�e�s� �c�a�n� �b�e� �e�v�a�l�u�a�t�e�d� �a�n�d� �c�o�m�p�a�r�e�d�.� �S�i�n�c�e� �t�h�e� �c�o�m�-� 

�p�o�s�i�t�i�o�n� �o�f� �s�p�e�n�t�~�f�u�e�l� �c�h�a�n�g�e�s� �w�i�t�h� �t�i�m�e� �(�d�u�e� �t�o� �d�e�c�a�y� �o�f� �f�i�s�s�i�l�e� �P�u�-� 

�2�4�1�)�,� �a�n�d� �s�i�n�c�e� �t�h�e� �i�n�v�e�n�t�o�r�y� �l�e�v�e�l� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�l�s�o� �c�h�a�n�g�e�s� �w�i�t�h� 

�t�i�m�e�,� �t�i�m�e� �d�e�p�e�n�d�e�n�c�e� �i�s� �a� �k�e�y� �a�t�t�r�i�b�u�t�e� �o�f� �t�h�e� �p�r�o�b�l�e�m�.� �T�h�e�r�e�f�o�r�e�,� 

�D�y�n�a�m�i�c� �p�r�o�g�r�a�m�m�i�n�g ��?� �i�s� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �v�e�h�i�c�l�e� �f�o�r� �m�o�d�e�l�i�n�g� �t�h�e� 

�p�r�o�b�l�e�m�.� 

�I�t� �i�s� �f�i�r�s�t� �n�e�c�e�s�s�a�r�y� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �t�h�e� �p�e�r�i�o�d�s� �i�n� �t�h�e� �p�l�a�n�n�i�n�g� 

�h�o�r�i�z�o�n�.� �T�h�i�s� �i�s� �n�e�c�e�s�s�a�r�y� �s�i�n�c�e� �t�h�e� �a�b�i�l�i�t�y� �t�o� �m�a�k�e� �a� �d�e�c�i�s�i�o�n� �r�e�s�t�s� 

�w�i�t�h� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t�s� �o�c�c�u�r�i�n�g� �d�u�r�i�n�g� �a� �p�a�r�t�i�c�u�l�a�r� �t�i�m�e� �p�e�r�i�o�d�.� �F�o�r� 

�t�h�i�s� �p�u�r�p�o�s�e�,� �t�h�e� �i�n�d�e�x� �s�e�t� �T� �i�s� �d�e�f�i�n�e�d�:� 

�T�=� �{�0�,� �1�,� �2�,�.�.�.�,�t�,�.�.�.�,� �t�e�l�,� �(�3�.�1�)



�3�0� 

�w�h�e�r�e� �t� �d�e�n�o�t�e�s� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �t�i�m�e� �p�e�r�i�o�d� �a�n�d� �t�¢� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� 

�o�f� �y�e�a�r�s� �i�n� �t�h�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n�.� �F�o�r� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� 

�n�u�m�b�e�r� �o�f� �y�e�a�r�s� �i�n� �t�h�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �i�s� �t�w�e�n�t�y� �y�e�a�r�s�.� 

�I�n� �o�r�d�e�r� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �a�n�d� �d�e�n�o�t�e� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�o�f� �e�a�c�h� �a�s�s�e�m�b�l�y�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �d�e�f�i�n�e� �a�n� �i�n�d�e�x� �t�h�a�t� �c�a�n� �s�i�n�g�u�l�a�r�l�y� 

�d�i�s�t�i�n�g�u�i�s�h� �e�a�c�h� �a�s�s�e�m�b�l�y� �f�r�o�m� �o�t�h�e�r�s� �a�s� �a� �r�e�s�u�l�t� �o�f� �d�i�f�f�e�r�e�n�t� �i�n�i�t�i�a�l� 

�e�n�r�i�c�h�m�e�n�t�s�,� �b�u�r�n�u�p�s�,� �a�n�d� �o�t�h�e�r� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �E�a�c�h� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� 

�c�o�n�s�i�d�e�r�s� �o�n�l�y� �t�h�o�s�e� �a�s�s�e�m�b�l�i�e�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�a�t� �c�l�a�s�s� �i�n� �a�n�y� �o�n�e� �t�i�m�e� 

�p�e�r�i�o�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�o�s�e� �d�i�s�c�h�a�r�g�e�d�.� �F�o�r� �t�h�i�s� �p�u�r�p�o�s�e�,� �t�h�e� �c�l�a�s�s�i�-� 

�f�i�c�a�t�i�o�n� �c�o�n�s�i�d�e�r�s� �o�n�l�y� �t�h�o�s�e� �a�s�s�e�m�b�l�i�e�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�a�t� �c�l�a�s�s� �i�n� �a�n�y� 

�o�n�e� �t�i�m�e� �p�e�r�i�o�d� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�h�o�s�e� �d�i�s�c�h�a�r�g�e�d�.� �F�o�r� �t�h�i�s� �p�u�r�p�o�s�e�,� 

�t�h�e� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �i�s� �d�e�f�i�n�e�d� �b�y� �t�h�e� �i�n�d�e�x� �s�e�t� �J� �a�s�:� 

�J�=�{�1�,� �2�,� �.�.�.�,�4�,� �.�.�.� �=�,� �N�(�t�)�}�,� �(�3�.�2�)� 

�w�h�e�r�e� �j� �d�e�n�o�t�e�s� �t�h�e� �p�a�r�t�i�c�u�l�a�r� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �a�n�d� �N�(�t�)� �d�e�n�o�t�e�s� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �c�l�a�s�s�e�s� �g�e�n�e�r�a�t�e�d� �i�n� �p�e�r�i�o�d� �t�.� 

�T�o� �b�e� �a�b�l�e� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �e�a�c�h� �a�s�s�e�m�b�l�y�,� �i�t� �b�e�c�o�m�e�s� �n�e�c�e�s�s�a�r�y� 

�n�o�t� �o�n�l�y� �t�o� �i�d�e�n�t�i�f�y� �b�y� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�,� �b�u�t� �t�o� �a�l�s�o� �i�d�e�n�t�i�f�y� �b�y� �t�h�e� 

�p�a�r�t�i�c�u�l�a�r� �a�g�e� �o�f� �t�h�e� �a�s�s�e�m�b�l�y�.� �T�h�e� �a�g�e� �o�f� �a�n� �a�s�s�e�m�b�l�y� �i�s� �c�h�o�s�e�n� �t�o� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �n�u�m�b�e�r� �o�f� �t�i�m�e� �p�e�r�i�o�d�s� �i�n� �y�e�a�r�s� �t�h�a�t� �a� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�y� 

�h�a�s� �r�e�s�i�d�e�d� �o�u�t�s�i�d�e� �o�f� �t�h�e� �r�e�a�c�t�o�r� �c�o�r�e� �i�n� �s�t�o�r�a�g�e�.� �T�h�e� �i�n�d�e�x� �s�e�t� 

�K�=� �{�0�,� �1�,� �2�,� �.�.�.�,�k�,�.�.�.�,� �t�h�,� �(�3�.�3�)� 

�i�s� �d�e�f�i�n�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �a�g�e�s� �o�f� �t�h�e� �s�t�o�r�e�d� �s�p�e�n�t�-�f�u�e�l�,� �w�h�e�r�e� �k� 

�d�e�n�o�t�e�s� �t�h�e� �n�u�m�b�e�r� �o�f� �t�i�m�e� �p�e�r�i�o�d�s� �r�e�s�i�d�i�n�g� �i�n� �s�t�o�r�a�g�e�.� �U�s�i�n�g� �t�h�e� 

�d�e�f�i�n�e�d� �i�n�d�e�x� �s�e�t�s�,� �i�t� �i�s� �n�o�w� �p�o�s�s�i�b�l�e� �t�o� �d�e�s�c�r�i�b�e� �t�h�e� �s�p�e�n�t�-�f�u�e�l
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�s�t�o�c�k�p�i�l�e�s�.� 

�T�h�e� �q�u�a�n�t�i�t�y� �o�f� �f�u�e�l� �d�i�s�c�h�a�r�g�e�d� �i�n� �a�n�y� �o�n�e� �y�e�a�r�,� �i�s� �d�i�s�t�i�n�g�u�i�s�h�e�d� 

�a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �d�i�s�c�h�a�r�g�e�d� �i�n� �a� �p�a�r�t�i�c�u�l�a�r� �y�e�a�r� �t�.� 

�I�n� �g�e�n�e�r�a�l�,� �t�h�e� �q�u�a�n�t�i�t�y� �d�i�s�c�h�a�r�g�e�d� �l�e�s�s� �t�h�o�s�e� �w�i�t�h�d�r�a�w�n� �r�e�p�r�e�s�e�n�t�s� 

�t�h�e� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �a�v�a�i�l�a�b�l�e� �f�o�r� �w�i�t�h�d�r�a�w�a�l�.� �S�p�e�c�i�f�i�c�a�l�l�y�,� 

�t�h�i�s� �s�p�e�n�t�-�f�u�e�l� �s�t�o�c�k�p�i�l�e� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y�:� 

�S�5�4�,� �(�t�)� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �o�f� �c�l�a�s�s� �j� �a�n�d� �a�g�e� �k� 

�a�v�a�i�l�a�b�l�e� �f�o�r� �w�i�t�h�d�r�a�w�a�l� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �y�e�a�r� �t�.� 

�W�h�e�n� �k� �=� �0�,� �t�h�e� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �a�v�a�i�l�a�b�l�e� �i�s� �t�h�e� �n�u�m�b�e�r� �d�i�s�c�h�a�r�g�e�d� 

�i�n� �t�h�e� �g�i�v�e�n� �t�i�m�e� �p�e�r�i�o�d� �t�.� 

�A�l�s�o� �i�m�p�o�r�t�a�n�t� �a�s� �a� �m�e�a�s�u�r�e� �o�f� �t�h�e� �s�p�e�n�t�~�f�u�e�l� �s�t�o�c�k�p�i�l�e� �i�s� �t�h�e� 

�i�n�v�e�n�t�o�r�y� �l�e�v�e�l�.� �T�h�i�s� �q�u�a�n�t�i�t�y� �i�s� �d�e�n�o�t�e�d� �b�y�:� 

�T�5�4�,�(�t�)� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �o�f� �c�l�a�s�s� �j� �a�n�d� �a�g�e� �k� 

�r�e�m�a�i�n�i�n�g� �i�n� �i�n�v�e�n�t�o�r�y� �a�t� �t�h�e� �e�n�d� �o�f� �y�e�a�r� �t�.� 

�T�h�e� �d�e�m�a�n�d� �f�o�r� �s�p�e�n�t�-�f�u�e�l� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� 

�a�v�a�i�l�a�b�l�e� �a�s� �a� �f�u�n�c�t�i�o�n� �o�f� �t�i�m�e�.� �T�h�i�s� �r�a�t�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� 

�a�n�t�i�c�i�p�a�t�e�d� �g�r�o�w�t�h� �o�f� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� �i�n� �a�n�y� �p�a�r�t�i�c�u�l�a�r� 

�t�i�m�e� �p�e�r�i�o�d� �t�.� �T�h�i�s� �d�e�m�a�n�d� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y�:� 

�D�(�t�)� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �d�e�m�a�n�d�e�d� �t�o� �s�a�t�i�s�f�y� 

�r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� �i�n� �y�e�a�r� �t�.� 

�T�h�e� �a�s�s�e�m�b�l�i�e�s� �f�u�r�n�i�s�h�e�d� �f�r�o�m� �t�h�e� �o�n�-�s�i�t�e� �s�t�o�r�a�g�e� �p�o�o�l�s� �t�o� �m�e�e�t� 

�t�h�e� �d�e�m�a�n�d� �f�o�r� �r�e�p�r�o�c�e�s�s�i�n�g� �d�e�n�o�t�e� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s�.� �T�h�e� 

�a�s�s�e�m�b�l�i�e�s� �c�h�o�s�e�n� �t�o� �m�e�e�t� �d�e�m�a�n�d� �v�a�r�y�,� �s�i�n�c�e� �d�e�m�a�n�d� �i�s� �n�o�t� �c�o�n�s�t�a�n�t
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�o�v�e�r� �t�h�e� �h�o�r�i�z�o�n� �o�r� �p�l�a�n�n�i�n�g� �p�e�r�i�o�d�.� �T�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �a�r�e� �d�e�f�i�n�e�d� 

�b�y�:� 

�X�5�4�,� �(�t�)� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �o�f� �c�l�a�s�s� �j� �a�n�d� �a�g�e� �k� 

�w�i�t�h�d�r�a�w�n� �f�r�o�m� �i�n�v�e�n�t�o�r�y� �f�o�r� �r�e�p�r�o�c�e�s�s�i�n�g� �i�n� �y�e�a�r� �t�.� 

�I�m�p�l�i�c�i�t� �i�n� �t�h�e�s�e� �d�e�f�i�n�i�t�i�o�n�s� �a�r�e� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �t�h�a�t�,� �a�t� �t�h�e� �e�n�d� 

�o�f� �e�a�c�h� �y�e�a�r�,� �i�n�v�e�n�t�o�r�y� �c�h�a�r�g�e�s� �a�r�e� �a�s�s�e�s�s�e�d� �o�n� �t�h�e� �m�a�t�e�r�i�a�l� �r�e�m�a�i�n�i�n�g� 

�i�n� �i�n�v�e�n�t�o�r�y� �a�n�d� �t�h�a�t� �s�t�o�c�k�p�i�l�e�d� �s�p�e�n�t�-�f�u�e�l� �l�e�f�t� �i�n� �i�n�v�e�n�t�o�r�y� �i�n�c�r�e�a�s�e�s� 

�i�n� �a�g�e� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �e�a�c�h� �y�e�a�r�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �d�e�f�i�n�e� 

�t�h�e� �t�r�a�n�s�i�t�i�o�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �i�n�v�e�n�t�o�r�y� �l�e�v�e�l� �f�r�o�m� �s�t�a�g�e� 

�(�t�i�m�e� �p�e�r�i�o�d�)� �t�o� �s�t�a�g�e�.� 

�T�h�e� �t�r�a�n�s�i�t�i�o�n�s� �c�o�u�p�l�i�n�g� �t�h�e� �s�t�a�g�e�s� �a�r�e�:� 
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�I� �=� �S�i�,� �(�t�)� �-� �X�4�,�,�(�t�)� �¥�o�j�,�k�,� �t� �(�3�.�4�)� 

�$�4�.� �(�t�)� �=� �T�i�n�g� �(�t� �-� �1�)� �¥�o�j�,�k�,�t� �(�3�.�5�)� 

�w�h�e�r�e� �¥� �i�s� �t�h�e� �n�o�m�e�n�c�l�a�t�u�r�e� �d�e�n�o�t�i�n�g� �"�f�o�r� �t�h�e� �e�n�t�i�r�e� �r�a�n�g�e� �o�f�"�.� 

�I�m�p�l�i�c�i�t� �i�n� �t�h�e� �d�e�r�i�v�a�t�i�o�n� �a�n�d� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �s�t�o�c�k�-� 

�p�i�l�e� �q�u�a�n�t�i�t�i�e�s� �i�s� �t�h�e� �c�o�n�s�t�r�a�i�n�t�:� 

�0� �<� �X�j�1�,�(�t�)� �<� �S�(�t�)�»� �¥�o�g�j�,�k�,�t� �(�3�.�6�)� 

�w�h�i�c�h� �e�x�p�r�e�s�s�e�s� �t�h�e� �f�a�c�t� �t�h�a�t� �t�h�e� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �c�h�o�s�e�n� �t�o� �m�e�e�t� 

�d�e�m�a�n�d� �i�s� �g�r�e�a�t�e�r� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �z�e�r�o� �b�u�t� �l�e�s�s� �t�h�a�n� �o�r� �e�q�u�a�l� �t�o� �t�h�e� 

�a�v�a�i�l�a�b�l�e� �s�u�p�p�l�y� �i�n� �i�n�v�e�n�t�o�r�y�.� 

�S�i�n�c�e� �s�p�e�n�t�-�f�u�e�l� �h�a�s� �a� �"�c�o�o�l�i�n�g�-�o�f�f�"� �p�e�r�i�o�d� �i�n� �o�r�d�e�r� �t�o� �a�l�l�o�w� �t�h�e� 

�h�i�g�h�l�y� �r�a�d�i�o�a�c�t�i�v�e� �f�i�s�s�i�o�n� �p�r�o�d�u�c�t�s� �t�o� �d�e�c�a�y� �t�o� �a� �t�o�l�e�r�a�b�l�e� �a�c�t�i�v�i�t�y
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�l�e�v�e�l�,� �t�h�e� �d�e�m�a�n�d� �c�a�n�n�o�t� �b�e� �m�e�t� �f�r�o�m� �a�s�s�e�m�b�l�i�e�s� �t�h�a�t� �h�a�v�e� �n�o�t� �r�e�s�i�d�e�d� 

�i�n� �s�t�o�r�a�g�e� �f�o�r� �a�t� �l�e�a�s�t� �o�n�e� �t�i�m�e� �p�e�r�i�o�d�.� �T�h�i�s� �c�o�n�s�t�r�a�i�n�t�,� �d�e�n�o�t�e�d� �b�y�:� 

�r�e�f�l�e�c�t�s� �a� �m�i�n�i�m�u�m� �o�n�-�s�i�t�e� �s�t�o�r�a�g�e� �o�f� �a�t� �l�e�a�s�t� �o�n�e� �t�i�m�e� �p�e�r�i�o�d�.� �T�h�e�r�e�-� 

�f�o�r�e�,� �t�h�e� �a�s�s�u�m�p�t�i�o�n� �o�f� �a�t� �l�e�a�s�t� �o�n�e�-�y�e�a�r� �i�n� �s�t�o�r�a�g�e� �i�s� �c�a�r�r�i�e�d� �t�h�r�o�u�g�h�-� 

�o�u�t� �t�h�e� �e�n�t�i�r�e� �m�o�d�e�l� �d�e�r�i�v�a�t�i�o�n� �a�n�d� �a�p�p�l�i�c�a�t�i�o�n�.� 

�B�y� �d�e�f�i�n�i�n�g� �a� �u�n�i�t� �h�o�l�d�i�n�g� �c�o�s�t� �a�n�d� �u�n�i�t� �p�r�o�f�i�t� �p�e�r� �a�s�s�e�m�b�l�y� �t�h�e� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �i�s� �f�o�r�m�u�l�a�t�e�d�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �i�s� �t�o� �m�a�x�i�m�i�z�e� �t�h�e� 

�p�r�e�s�e�n�t� �v�a�l�u�e� �o�f� �t�h�e� �p�r�o�f�i�t�s� �f�r�o�m� �s�p�e�n�t�-�f�u�e�l� �r�e�p�r�o�c�e�s�s�i�n�g� �o�v�e�r� �a� 

�p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �o�f� �t�e� �y�e�a�r�s�.� �P�r�o�f�i�t�s� �a�r�e� �a�s�s�u�m�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� 

�e�x�c�e�s�s� �e�x�p�e�n�d�i�t�u�r�e�s� �o�b�t�a�i�n�e�d� �b�y� �r�e�c�y�c�l�i�n�g� �r�e�s�i�d�u�a�l� �f�u�e�l� �o�v�e�r� �t�h�e� �c�o�s�t�s� 

�o�f� �s�p�e�n�t�-�f�u�e�l� �s�t�o�r�a�g�e� �a�n�d� �r�e�p�r�o�c�e�s�s�i�n�g�.� �T�h�i�s� �o�b�j�e�c�t�i�v�e� �i�s� �e�x�p�r�e�s�s�e�d� 

�a�s�:� 

�t�e� �c�t� �N�t�)� 
�M�a�x�i�m�i�z�e� �)� �}� �}� �a�M� �P�f�P�5�q�(�t�)�X�y�x�(�t�)� �-� �W�y�k� �(�t�)�1�j�K�(�t�)�}� �(�3�.�8�)� 

�t�=�0� �k�=�0� �j�=�1� 

�w�h�e�r�e�:� 

�a� �=� �(�1� �+� �i�n�t�e�r�e�s�t� �r�a�t�e�)� �=� �t�h�e� �d�i�s�c�o�u�n�t� �f�a�c�t�o�r�,� 

�H�y�,� �(�t�)� �=� �t�h�e� �u�n�i�t� �h�o�l�d�i�n�g� �c�o�s�t� �f�o�r� �a� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�y� �o�f� �c�l�a�s�s� 

�j� �a�n�d� �a�g�e� �k� �i�n� �y�e�a�r� �t�,� 

�P�3�4� �(�t�)� �=� �t�h�e� �u�n�i�t� �p�r�o�f�i�t� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �r�e�p�r�o�c�e�s�s�i�n�g� �a� �s�p�e�n�t�-� �f�u�e�l� 

�a�s�s�e�m�b�l�y� �o�f� �c�l�a�s�s� �j� �a�n�d� �a�g�e� �k� �i�n� �y�e�a�r� �t�,� �a�n�d



�3�4� 

�>� �.� �X� �=� �{�X�4�4�,�(�0�)� �X�4�1�)�,� �e�e� �8� �4� �X�5�1� �(�t�,�_�)�}� �¥�o�j�,�k� 

�i�s� �t�h�e� �o�p�t�i�m�a�l� �s�o�l�u�t�i�o�n� �v�e�c�t�o�r� �w�h�i�c�h� �d�e�t�e�r�m�i�n�e�s� �t�h�e� 

�o�p�t�i�m�a�l� �w�i�t�h�d�r�a�w�a�l� �p�o�l�i�c�y�.� 

�T�h�e� �t�i�m�e�-�d�e�p�e�n�d�e�n�t� �m�a�t�e�r�i�a�l� �d�e�c�a�y� �c�o�s�t�s� �a�r�e� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �p�r�o�f�i�t� 

�p�a�r�a�m�e�t�e�r�s�.� �T�h�e� �o�b�j�e�c�t�i�v�e� �e�q�u�a�t�i�o�n� �d�o�e�s� �n�o�t� �i�n�c�l�u�d�e� �a� �t�e�r�m� �t�o� �r�e�p�r�e�s�e�n�t� 

�t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �i�n�v�e�n�t�o�r�y� �r�e�m�a�i�n�i�n�g� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� 

�h�o�r�i�z�o�n�.� �T�h�i�s� �i�s� �b�e�c�a�u�s�e� �n�u�m�e�r�o�u�s� �a�s�s�u�m�p�t�i�o�n�s� �a�b�o�u�t� �t�h�e� �n�a�t�u�r�e� �o�f� �t�h�e� 

�s�p�e�n�t�-�f�u�e�l�-�d�i�s�p�o�s�i�t�i�o�n� �p�r�o�b�l�e�m� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �p�l�a�n�n�i�n�g� �h�o�r�i�z�o�n� �a�r�e� 

�p�l�a�u�s�i�b�l�e�.� �F�o�r� �a� �s�p�e�c�i�f�i�c� �p�r�o�b�l�e�m� �a�p�p�l�i�c�a�t�i�o�n�,� �t�h�e� �s�e�l�e�c�t�i�o�n� �o�f� �t�h�i�s� 

�b�o�u�n�d�a�r�y� �a�s�s�u�m�p�t�i�o�n� �i�s� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �v�a�l�u�e�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�e� �p�a�r�a�-� 

�m�e�t�e�r�s� �H�y�)�,� �(�t�g�)� �a�n�d� �P�i�,� �(�t�g�)�.� 

�E�q�u�a�t�i�o�n�s� �(�3�.�4�)�,� �(�3�.�5�)�,� �(�3�.�6�)�,� �a�n�d� �(�3�.�8�)� �d�e�f�i�n�e� �a� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m� 

�t�h�a�t� �i�s� �d�e�c�o�m�p�o�s�e�d� �f�i�r�s�t� �i�n� �t�e�r�m�s� �o�f� �t�i�m�e� �a�n�d� �f�u�r�t�h�e�r� �i�n� �t�e�r�m�s� �o�f� �s�p�e�n�t�-� 

�f�u�e�l� �c�l�a�s�s�e�s�.� �F�o�r� �p�u�r�p�o�s�e�s� �o�f� �c�o�n�t�i�n�u�i�t�y�,� �t�h�e� �s�p�e�n�t�-�f�u�e�l�-�i�n�v�e�n�t�o�r�y�-� 

�w�i�t�h�d�r�a�w�a�l� �m�o�d�e�l� �f�o�r� �t�h�e� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �a�n� �o�p�t�i�m�a�l� �w�i�t�h�d�r�a�w�a�l� �p�o�l�i�c�y� 

�i�s� �s�u�m�m�a�r�i�z�e�d� �a�s� �f�o�l�l�o�w�s�:� 

�t�r� �t� �N�(�t�)� 

�M�a�x�i�m�i�z�e� �b�o� �o�o� �i�h�n� �o�T� �F�{�P� �3�1� �(�t�)�X� �5�,� �(�t�)� �-� �H�a�y� �(�t�)� �T�s� �(�t�)�}� �(�3�.�8�)� 

�o�v�e�r� �t�h�e� �v�e�c�t�o�r� 

�X�=� �{�K�j� �(�0�)�,� �X�y�(�1�)�,� �-� �2� �e�s� �K�y�l�t�)�,� �«�+� �+�s� �X�e�x�(�t�e�)�}� � �¥� �G�k� 

�s�u�b�j�e�c�t� �t�o� 

�T�j�x�(�t�)� �=� �S�5�4� �(�t�)� �-� �X�j�x�(�t�)� �¥�V�o�e�o�g�j�,� �k�,� �t� �(�3�.�9�)



�3�5� 

�$�5� �(�t�)� �=� �S�4�4�-�1� �(�t�-�1�)� �-� �X�4�4�-�1� �(�t�-�1�)� �¥� �o�j�,� �k�>�0�O�,� �t�>�0� �(�3�.�1�0�)� 

�O� �<� �X�j�k�(�t�)� �<� �S�z�K�(�t�)� �¥�o�e�j�,�k�,�t� �(�3�.�1�1�)� 

�X�j�o�(�t�)� �=� �0� �¥�o�j�,�t� �(�3�.�1�2�)� 

�N�(�t�)� 
�;� �X�i�,� �(�t�)� �<� �D�(�t�)�.� �¥�o�k�,�t� �(�3�.�1�3�)� 

�j�=�l� 

�C�.� �T�h�e� �H�i�t�c�h�c�o�c�k� �P�r�o�b�l�e�m� �F�o�r�m�u�l�a�t�i�o�n� 

�T�h�e� �s�p�e�n�t�-�f�u�e�l�-�i�n�v�e�n�t�o�r�y�-�w�i�t�h�d�r�a�w�a�l� �m�o�d�e�l� �p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �p�r�e�v�i�o�u�s� 

�s�e�c�t�i�o�n� �m�a�y� �b�e� �s�o�l�v�e�d� �b�o�t�h� �b�y� �s�t�a�t�i�c� �a�n�d� �d�y�n�a�m�i�c� �o�p�t�i�m�i�z�a�t�i�o�n� �t�e�c�h�n�i�q�u�e�s�.� 

�I�n� �g�e�n�e�r�a�l�,� �t�h�e� �c�h�o�i�c�e� �a�m�o�n�g� �t�h�e� �t�e�c�h�n�i�q�u�e�s� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �c�h�a�r�a�c�t�e�r�-� 

�i�s�t�i�c�s�.� �o�f� �t�h�e� �m�o�d�e�l� �i�n� �q�u�e�s�t�i�o�n�.� 

�A�s� �d�e�f�i�n�e�d�,� �t�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n� �r�e�s�u�l�t�s� �i�n� �a� �v�e�r�y� 

�l�a�r�g�e� �p�r�o�b�l�e�m�.� �F�o�r� �t�h�e� �g�e�n�e�r�a�l� �p�r�o�b�l�e�m� �d�e�f�i�n�e�d� �b�y� �e�q�u�a�t�i�o�n� �(�3�.�8�)�,� �t�h�e� 

�m�o�d�e�l� �h�a�s� �t�¢�(�t�¢� �+� �1�)�/�2� �s�t�a�g�e�s�.�2�8� �F�o�r� �a� �r�e�d�u�c�e�d� �p�r�o�b�l�e�m� �t�h�a�t� �c�o�n�s�i�d�e�r�s� 

�o�n�l�y� �o�n�e� �s�p�e�n�t�-�f�u�e�l� �c�l�a�s�s�,� �t�h�e� �m�o�d�e�l� �s�t�i�l�l� �h�a�s� �t�¢� �s�t�a�g�e�s�.� �F�o�r� �e�i�t�h�e�r� 

�p�r�o�b�l�e�m�,� �t�h�e� �n�u�m�b�e�r� �o�f� �s�t�a�t�e� �v�a�r�i�a�b�l�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �i�s� �t�e�(�t� �+�1�)�/�2�.� 

�T�h�e�r�e�f�o�r�e�,� �i�t� �i�s� �u�n�l�i�k�e�l�y� �t�h�a�t� �t�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m� �c�a�n� �b�e� �s�o�l�v�e�d�.� 

�F�o�r�t�u�n�a�t�e�l�y�,� �t�h�e� �d�y�n�a�m�i�c�-�p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n� �s�t�r�u�c�t�u�r�e�s� �t�h�e� �r�e�l�a�t�i�o�n�-� 

�s�h�i�p�s� �i�n� �t�h�e� �p�r�o�b�l�e�m�.� 

�U�p�o�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �d�y�n�a�m�i�c�-�p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n�,� �s�e�v�e�r�a�l� 

�s�p�e�c�i�a�l� �f�e�a�t�u�r�e�s� �o�f� �t�h�e� �m�o�d�e�l� �c�a�n� �b�e� �o�b�s�e�r�v�e�d�.� �F�i�r�s�t�,� �i�t� �s�h�o�u�l�d� �b�e� 

�p�o�i�n�t�e�d� �o�u�t� �t�h�a�t� �t�h�e� �s�t�a�t�e�-�t�r�a�n�s�i�t�i�o�n� �r�e�l�a�t�i�o�n�s�h�i�p�s� �(�e�q�u�a�t�i�o�n�s� �3�.�9�-�3�.�1�1�)� 

 ��a�n�d� �t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �(�e�q�u�a�t�i�o�n� �3�.�8�)� �a�r�e� �l�i�n�e�a�r� �i�n� �t�e�r�m�s� �o�f� �t�h�e� 

�s�t�a�t�e� �v�a�r�i�a�b�l�e�,� �S�3�K�(�t�)�,� �a�n�d� �a�l�s�o� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�,� �X�5�i�(�t�)�.� �N�o�t�e



�3�6� 

�a�l�s�o� �t�h�a�t� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �o�n� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e� �(�e�q�u�a�t�i�o�n� �3�.�1�3�)� �i�s� 

�l�i�n�e�a�r�.� �A�n�o�t�h�e�r� �u�s�e�f�u�l� �p�r�o�p�e�r�t�y� �i�s� �t�h�a�t� �t�h�e� �s�t�a�t�e� �v�a�r�i�a�b�l�e�s� �a�t� �a�n�y� 

�s�t�a�g�e� �a�r�e� �d�e�p�e�n�d�e�n�t� �o�n�l�y� �u�p�o�n� �t�h�e� �i�n�i�t�i�a�l� �s�t�a�t�e�s� �(�S�s� �o�(�t�)�,� �T�i�o� �(�t�)�,� �¥�j�,� �t�)�,� 

�a�n�d� �p�a�s�t� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s�.� �F�i�n�a�l�l�y�,� �i�t� �c�a�n� �b�e� �s�e�e�n� �t�h�a�t� �t�h�e� �s�o�l�u�t�i�o�n� 

�w�o�u�l�d� �d�e�p�e�n�d� �s�o�l�e�l�y� �u�p�o�n� �t�h�e� �i�n�i�t�i�a�l� �s�t�a�t�e�s� �a�t� �e�a�c�h� �s�t�a�g�e�.� 

�S�i�n�c�e� �t�h�e� �m�o�d�e�l� �d�i�s�p�l�a�y�s� �t�h�i�s� �s�p�e�c�i�a�l� �l�i�n�e�a�r�i�t�y� �o�f� �t�h�e� �o�b�j�e�c�t�i�v�e� 

�f�u�n�c�t�i�o�n�,� �c�o�n�s�t�r�a�i�n�t�s�,� �a�n�d� �s�t�a�t�e� �t�r�a�n�s�i�t�i�o�n�s�,� �t�h�e� �p�r�o�b�l�e�m� �i�s� �a�m�e�n�a�b�l�e� 

�t�o� �t�r�a�n�s�f�o�r�m�a�t�i�o�n� �t�o� �a� �l�i�n�e�a�r� �p�r�o�g�r�a�m�.� �T�h�e� �l�i�n�e�a�r�-�p�r�o�g�r�a�m�m�i�n�g� �a�p�p�r�o�a�c�h� 

�o�f�f�e�r�s� �a�n� �a�d�v�a�n�t�a�g�e� �o�f� �a�l�l�o�w�i�n�g� �t�h�e� �t�r�e�a�t�m�e�n�t� �o�f� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e�s� �a�s� 

�c�o�n�t�i�n�u�o�u�s� �p�a�r�a�m�e�t�e�r�s�.� �H�o�w�e�v�e�r�,� �d�u�e� �t�o� �t�h�e� �f�e�a�t�u�r�e�s� �o�f� �t�h�e� �p�r�o�b�l�e�m� 

�a�d�d�r�e�s�s�e�d�,� �d�i�s�c�r�e�t�e� �s�o�l�u�t�i�o�n�s� �a�r�e� �m�o�r�e� �a�d�v�a�n�t�a�g�e�o�u�s�.� �E�x�a�m�i�n�a�t�i�o�n� �o�f� 

�t�h�e� �s�t�r�u�c�t�u�r�e� �o�f� �t�h�e� �m�o�d�e�l� �a�n�d� �t�h�e� �f�a�c�t� �t�h�a�t� �l�i�n�e�a�r�i�t�y� �e�x�i�s�t�s�,� �i�n�d�i�c�a�t�e�s� 

�t�h�e� �d�y�n�a�m�i�c�-�p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n� �c�a�n� �b�e� �t�r�a�n�s�f�o�r�m�e�d� �i�n�t�o� �a� �H�i�t�c�h�c�o�c�k� 

�p�r�o�b�l�e�m�.� �/�8� 

�T�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �d�e�s�i�g�n�e�d� �t�o� �a�d�d�r�e�s�s� �a� �c�l�a�s�s� �o�f� 

�t�r�a�n�s�p�o�r�t�a�t�i�o�n� �o�r� �m�i�n�i�m�u�m�-�c�o�s�t�-�f�l�o�w� �p�r�o�b�l�e�m�s�.� �A�l�t�h�o�u�g�h� �t�h�e� �p�r�e�s�e�n�t� 

�f�o�r�m�u�l�a�t�i�o�n� �i�s� �a� �m�a�x�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �a�s� �o�p�p�o�s�e�d� �t�o� �a� �m�i�n�i�m�u�m�-�c�o�s�t�-�f�l�o�w� 

�p�r�o�b�l�e�m�,� �t�h�e� �s�t�r�u�c�t�u�r�e� �i�n�d�i�c�a�t�e�s� �t�h�a�t� �t�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �i�s� �a�p�p�l�i�c�- �� 

�a�b�l�e�;� �a�n�d� �t�h�e� �s�a�m�e� �m�e�t�h�o�d� �o�f� �a�n�a�l�y�s�i�s� �c�a�n� �b�e� �u�s�e�d�.� 

�I�n� �t�h�e� �c�o�n�t�e�x�t� �o�f� �t�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �f�o�r�m�u�l�a�t�i�o�n�,� �t�h�e� �m�a�t�e�r�i�a�l� 

�s�o�u�r�c�e�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �i�n�i�t�i�a�l� �i�n�v�e�n�t�o�r�y� �a�t� �t�h�e� �s�t�a�r�t� �o�f� �t�h�e� �p�l�a�n�-� 

�n�i�n�g� �h�o�r�i�z�o�n� �a�n�d� �t�o� �t�h�e� �a�n�n�u�a�l� �s�u�p�p�l�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �o�f� �c�l�a�s�s� �j� �g�e�n�e�r�a�t�e�d� 

�i�n� �y�e�a�r� �t�.� �T�h�e� �d�e�m�a�n�d�s� �c�o�r�r�e�s�p�o�n�d� �t�o� �t�h�e� �a�v�a�i�l�a�b�l�e� �r�e�p�r�o�c�e�s�s�i�n�g� 

�c�a�p�a�c�i�t�y� �i�n� �e�a�c�h� �y�e�a�r� �a�n�d� �t�o� �t�h�e� �f�i�n�a�l� �r�e�m�a�i�n�i�n�g� �i�n�v�e�n�t�o�r�y�.� �T�h�e� �a�g�e� �o�f� 

�t�h�e� �s�p�e�n�t�-�f�u�e�l�,� �w�h�e�n� �i�t� �i�s� �s�e�l�e�c�t�e�d� �f�o�r� �r�e�p�r�o�c�e�s�s�i�n�g�,� �i�s� �r�e�p�r�e�s�e�n�t�e�d



�3�7� 

�i�m�p�l�i�c�i�t�y� �b�y� �t�h�e� �r�e�l�a�t�i�o�n� �b�e�t�w�e�e�n� �t�h�e� �y�e�a�r� �i�n� �w�h�i�c�h� �i�t� �i�s� �r�e�p�r�o�c�e�s�s�e�d� 

�a�n�d� �t�h�e� �d�i�s�c�h�a�r�g�e� �d�a�t�e�.� �T�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �t�h�e� �H�i�t�c�h�c�o�c�k� �m�o�d�e�l� 

�r�e�p�r�e�s�e�n�t� �t�h�e� �p�r�o�f�i�t� �f�r�o�m� �r�e�p�r�o�c�e�s�s�i�n�g� �l�e�s�s� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �h�o�l�d�i�n�g� 

�c�o�s�t�s�.� �T�h�u�s� �t�h�e� �p�r�o�b�l�e�m� �b�e�c�o�m�e�s� �p�r�o�f�i�t�-�m�a�x�i�m�i�z�a�t�i�o�n� �r�a�t�h�e�r� �t�h�a�n� �a� 

�c�o�s�t�-�m�i�n�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m�.� 

�I�n� �t�e�r�m�s� �o�f� �t�h�e� �d�y�n�a�m�i�c�-�p�r�o�g�r�a�m�m�i�n�g�-�m�o�d�e�l� �p�a�r�a�m�e�t�e�r�s�,� �t�h�e� �a�s�s�o�c�i�-� 

�a�t�e�d� �H�i�t�c�h�c�o�c�k� �s�p�e�n�t�-�f�u�e�l�-�w�i�t�h�d�r�a�w�a�l� �p�r�o�b�l�e�m� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�y� �e�q�u�i�v�a�l�e�n�t� 

�s�u�p�p�l�y�,� �d�e�m�a�n�d�,� �a�n�d� �c�o�s�t�s� �p�a�r�a�m�e�t�e�r�s�.� 

�T�h�e� �s�u�p�p�l�y�,� �d�e�n�o�t�e�d� �b�y� �a�;�,� �i�s� �c�o�m�p�o�s�e�d� �o�f� �t�w�o� �c�o�m�p�o�n�e�n�t�s�.� �T�h�e� 

�f�i�r�s�t� �t�r�a�n�s�i�t�i�o�n� �r�e�l�a�t�i�o�n�s�h�i�p� �f�o�r� �t�h�e� �s�u�p�p�l�y� �i�s� �d�e�f�i�n�e�d� �b�y�:� 

�a�z� �=� �S�i�q�(�t�=�0�)�,� �i�=�l�,� �o�e� �©� �«� �9�5� �N�(�t�=�0�)�.� �¥� �j� �(�3�.�1�4�)� 

�T�h�i�s� �r�e�l�a�t�i�o�n�s�h�i�p� �d�e�n�o�t�e�s� �t�h�e� �s�u�p�p�l�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �f�r�o�m� �t�h�e� 

�v�a�r�i�o�u�s� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�s� �c�o�m�p�r�i�s�e�d� �i�n� �t�h�e� �i�n�i�t�i�a�l� �d�i�s�c�h�a�r�g�e�.� �T�h�e� 

�r�e�l�a�t�i�o�n�s�h�i�p� �t�h�a�t� �t�r�a�n�s�f�o�r�m�s� �t�h�e� �r�e�m�a�i�n�i�n�g� �s�u�p�p�l�y� �o�f� �f�r�e�s�h�l�y� �d�i�s�c�h�a�r�g�e�d� 

�f�u�e�l� �i�s� �g�i�v�e�n� �b�y�:� 

�a�j� �=� �S�j�o�(�t�)�,� �i�s�N�(�t�=�0�)� �+�1�,� �.�.�.�A�4� �¥�o�j�,�t� �(�3�.�1�5�)� 

�w�h�e�r�e� 

�t�f� 

�A�=� �)� � �N�(�t�)�.� 
�t�=� 

�T�h�i�s� �d�e�f�i�n�e�s� �t�h�e� �r�e�m�a�i�n�i�n�g� �s�u�p�p�l�y� �a�s� �t�h�a�t� �f�r�o�m� �e�a�c�h� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� 

�c�l�a�s�s�i�f�i�c�a�t�i�o�n�s� �b�e�y�o�n�d� �t�h�e� �f�i�r�s�t� �d�i�s�c�h�a�r�g�e� �t�h�a�t� �o�c�c�u�r�r�e�d� �a�t� �t�=�0�.� 

�D�e�m�a�n�d�,� �d�e�n�o�t�e�d� �b�y� �b�,�,� �i�s� �d�e�f�i�n�e�d� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �t�o�t�a�l� �u�n�a�l�l�o�c�a�t�e�d



�3�8� 

�s�p�e�n�t�- ��f�u�e�l�-�r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �a�v�a�i�l�a�b�l�e� �f�o�r� �c�l�a�s�s� �j� �s�p�e�n�t�- ��f�u�e�l� 

�a�s�s�e�m�b�l�i�e�s� �i�n� �y�e�a�r� �t�.� �B�y� �d�e�f�i�n�i�n�g� �U�,� �(�t�)� �a�s� �t�h�e� �u�n�a�l�l�o�c�a�t�e�d� �s�p�e�n�t�-�f�u�e�l�-� 

�r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �a�v�a�i�l�a�b�l�e� �f�o�r� �c�l�a�s�s� �j� �a�s�s�e�m�b�l�i�e�s� �i�n� �y�e�a�r� �t�,� �t�h�e� 

�H�i�t�c�h�c�o�c�k� �d�e�m�a�n�d� �i�s� �f�o�r�m�u�l�a�t�e�d� �b�y� �t�h�e� �f�o�l�l�o�w�i�n�g� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�:� 

�i� 
�U�;�(�n�)�,� �n�=� �1�,� �2�,� �+� �+� �-� �5� �t�e� 

�j�e�l� 

�b�a� �=� �(�3�.�1�6�)� 

�A� �t�e� 

�)� �a�j� �~� �)� �D�n�>� �n�=�t�p�t�i�1� 
�i�=�1� �n�=�1� 

�T�h�e� �t�e�r�m� �f�o�r� �n�=�t�¢�+�l� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� 

�r�e�s�i�d�i�n�g� �i�n� �i�n�v�e�n�t�o�r�y� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �h�o�r�i�z�o�n�.� �T�h�i�s� �i�s� �a�n� �a�r�t�i�f�i�c�i�a�l� 

�d�e�m�a�n�d� �n�e�c�e�s�s�a�r�y� �t�o� �s�a�t�i�s�f�y� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �t�h�a�t� �t�h�e� �t�o�t�a�l� �a�v�a�i�l�a�b�l�e� 

�s�u�p�p�l�y� �e�q�u�a�l�s� �t�h�e� �t�o�t�a�l� �d�e�m�a�n�d�.� 

�T�h�e� �m�e�a�s�u�r�e� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� �f�o�r� �t�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �i�s� �t�h�e� �c�o�s�t� 

�c�o�e�f�f�i�c�i�e�n�t� �d�e�n�o�t�e�d� �b�y� �C� �A�s� �m�e�n�t�i�o�n�e�d� �e�a�r�l�i�e�r�,� �t�h�i�s� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t� �i�n�*� 

�r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�r�o�f�i�t� �f�r�o�m� �r�e�p�r�o�c�e�s�s�i�n�g� �l�e�s�s� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �h�o�l�d�i�n�g� 

�c�o�s�t�s� �f�r�o�m� �t�i�m�e� �o�f� �d�i�s�c�h�a�r�g�e� �a�n�d� �p�l�a�c�e�m�e�n�t� �i�n�t�o� �i�n�v�e�n�t�o�r�y�,� �u�n�t�i�l� �w�i�t�h�-� 

�d�r�a�w�n� �t�o� �m�e�e�t� �d�e�m�a�n�d�.� �T�h�i�s� �c�o�s�t� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �a�s�:� 

�n�-�D� 

�C�i�n� �=� �P�i�-�c�y�n�-�p�D�(!"�  �� �b�y� �H�i�-�c�,�g� �(�D�t�2�)� �i�B� �(�3�.�1�7�)� 

�w�h�e�r�e� 

�n�-�1� 

�)� �N�(�X�)�,� 
�2�=�0� 

�a�
D�

 

�|



�3�9� 

�n� 
�B�=� �)� �N�(�2�)�,� �a�n�d� 

�2�=�0� 

�D� �i�s� �t�h�e� �t�i�m�e� �p�e�r�i�o�d� �o�f� �i�n�v�e�n�t�o�r�y� �i�n�s�e�r�t�i�o�n�.� 

�D�u�e� �t�o� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �t�h�a�t� �a�n� �a�s�s�e�m�b�l�y� �d�i�s�c�h�a�r�g�e�d� �a�t� �t�i�m�e� �t�+�l� 

�c�a�n�n�o�t� �b�e� �u�t�i�l�i�z�e�d� �t�o� �m�e�e�t� �d�e�m�a�n�d� �i�n� �y�e�a�r� �t�,� �a� �c�o�m�p�u�t�a�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t� 

�i�s� �i�m�p�o�s�e�d� �o�n� �t�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�.� �U�s�i�n�g� �t�h�e� �t�e�c�h�n�i�q�u�e� �k�n�o�w�n� �a�s� �t�h�e� 

�"�B�i�g� �M�'�'� �m�e�t�h�o�d�,�?�?� �a�n� �a�r�b�i�t�r�a�r�i�l�y� �l�a�r�g�e� �n�u�m�b�e�r� �(�M�)� �i�s� �c�h�o�s�e�n� �f�o�r� �t�h�e� �c�o�s�t� 

�c�o�e�f�f�i�c�i�e�n�t� �t�o� �r�e�f�l�e�c�t� �a�n� �i�n�f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n�.� �F�o�r� �t�h�e� �c�a�s�e� �o�f� �t�h�e� 

�m�a�x�i�m�u�m� �p�r�o�f�i�t� �p�r�o�b�l�e�m�,� �a� �n�e�g�a�t�i�v�e� �m� �i�s� �c�h�o�s�e�n� �t�o� �f�o�r�c�e� �t�h�e� �c�o�s�t� 

�c�o�e�f�f�i�c�i�e�n�t� �f�o�r� �a� �p�a�r�t�i�c�u�l�a�r� �d�e�c�i�s�i�o�n� �e�l�e�m�e�n�t� �t�o� �a� �v�a�l�u�e� �t�h�a�t� �w�o�u�l�d� 

�r�e�f�l�e�c�t� �a�n� �i�n�f�e�a�s�i�b�l�e� �s�o�l�u�t�i�o�n�.� �T�h�i�s� �c�o�n�s�t�r�a�i�n�t� �i�s� �g�i�v�e�n� �b�y�:� 

�i�n�t� �|� �B�B� �(�3�.�1�8�)� 

�w�h�e�r�e� 

�n� 
�B�=�)� �N�(�2�)�.� 

�2�=�0� 

�b�y� �r�e�d�e�f�i�n�i�n�g� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e� �X�5�4�,� �(�t�)� �a�s�:� 

�Y�i�n� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t� �f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �f�r�o�m� �s�o�u�r�c�e� �i� �a�l�l�o�c�a�t�e�d� 

�t�o� �d�e�m�a�n�d� �p�e�r�i�o�d� �n�,� 

�t�h�e� �c�o�r�r�e�s�p�o�n�d�i�n�g� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n� �c�a�n� �b�e� �w�r�i�t�t�e�n� �a�s�:� 

�A� �t� �¢�t�l� 

�M�a�x�i�m�i�z�e� �»� �>� �C�i�.� �Y�a�n� �(�3�.�1�9�)� 
�i�=�l� �n�=�1



�4�0� 

�£� 
�S�u�b�j�e�c�t� �t�o�:� �)� �Y�a�n� �=� �a�i�s� �i�=�l�,� �.�.�.�,�A� 

�A� 

�Y� �Y�a�n� �=� �b�p� 
�i�=�1� 

�A� �t� �+�1� 
�£� 

�)� �a�;� �-� �)� �b�,� �=� �0� 
�i�=�1� �n�=�1� 

�Y� �>� �0� �¥� �o�d�i�,�o�n� 

�T�h�e� �m�a�x�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �i�s� �c�o�n�v�e�r�t�e�d� �t�o� �a� �m�i�n�i�m�i�z�a�t�i�o�n� �p�r�o�b�l�e�m� �b�y� 

�t�h�e� �s�t�a�n�d�a�r�d� �a�p�p�r�o�a�c�h� �o�f� �s�u�b�t�r�a�c�t�i�n�g� �a�l�l� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s�,� �C�;�,�,� �f�r�o�m� 

�t�h�e� �m�a�x�i�m�u�m� �o�f� �t�h�e� �C�j�,� �a�n�d� �r�e�p�l�a�c�i�n�g� �t�h�e� �o�r�i�g�i�n�a�l� �c�o�e�f�f�i�c�i�e�n�t�s� �w�i�t�h�  �� 

�t�h�e�s�e� �n�e�w� �c�o�r�r�e�s�p�o�n�d�i�n�g� �c�o�m�p�u�t�e�d� �v�a�l�u�e�s�.�2�®�8� �G�i�v�e�n� �t�h�e� �d�e�f�i�n�e�d� �c�o�r�r�e�s�p�o�n�-� 

�d�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �c�l�a�s�s�e�s�,� �y�e�a�r�s� �o�f� �g�e�n�e�r�a�t�i�o�n�,� �a�n�d� �t�h�e� 

�s�o�u�r�c�e�s�,� �a�l�o�n�g� �w�i�t�h� �t�h�a�t� �b�e�t�w�e�e�n� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�i�e�s� �a�n�d� �t�h�e� 

�d�e�m�a�n�d�s�,� �t�h�e� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �i�s� �t�h�e�r�e�f�o�r�e� �s�t�r�a�i�g�h�t�f�o�r�w�a�r�d�.� �T�h�u�s�,� �t�h�e� 

�p�r�o�b�l�e�m� �h�a�s� �b�e�e�n� �c�o�n�v�e�r�t�e�d� �i�n�t�o� �a� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �t�h�a�t� �i�s� �f�a�r� �m�o�r�e� 

�r�e�a�d�i�l�y� �a�n�a�l�y�z�e�d� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� �t�h�a�n� �t�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m�.� 

�D�.� �T�h�e� �L�i�n�e�a�r� �P�r�o�g�r�a�m�m�i�n�g� �F�o�r�m�u�l�a�t�i�o�n�s� 

�T�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �w�a�s� �o�r�i�g�i�n�a�l�l�y� �d�e�s�i�g�n�e�d� �t�o� �a�d�d�r�e�s�s� �a� �c�l�a�s�s� 

�o�f� �t�r�a�n�s�p�o�r�t�a�t�i�o�n� �p�r�o�b�l�e�m�s� �o�r� �m�i�n�i�m�u�m�-�c�o�s�t�-�f�l�o�w� �p�r�o�b�l�e�m�s�.� �T�h�e� �f�o�r�m�u�-� 

�l�a�t�i�o�n� �p�r�e�s�e�n�t�e�d� �i�n� �S�e�c�t�i�o�n� �C� �t�r�a�n�s�f�o�r�m�s� �t�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m�m�i�n�g� 

�f�o�r�m�u�l�a�t�i�o�n� �i�n�t�o� �a� �m�i�n�i�m�u�m�-�c�o�s�t�-�f�l�o�w� �f�o�r�m�u�l�a�t�i�o�n�.� �T�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� 

�s�e�c�t�i�o�n� �i�s� �t�o� �d�e�v�e�l�o�p� �a�n� �a�p�p�r�o�p�r�i�a�t�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �H�i�t�c�h�c�o�c�k



�4�1� 

�m�o�d�e�l� �t�h�a�t� �i�s� �a�m�e�n�a�b�l�e� �t�o� �s�o�l�u�t�i�o�n� �a�s� �a� �l�i�n�e�a�r� �p�r�o�g�r�a�m�.� 

�T�h�e� �b�a�s�i�s� �f�o�r� �t�h�i�s� �a�l�t�e�r�n�a�t�i�v�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� 

�w�o�r�k� �o�f� �B�o�w�m�a�n�,�®� �i�n� �w�h�i�c�h� �p�r�o�d�u�c�t�i�o�n� �s�c�h�e�d�u�l�i�n�g� �w�a�s� �a�c�h�i�e�v�e�d� �u�s�i�n�g� �t�h�e� 

�t�r�a�n�s�p�o�r�t�a�t�i�o�n� �m�e�t�h�o�d� �o�f� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g�.� �T�h�i�s� �a�p�p�r�o�a�c�h� �i�s� �p�a�r�t�i�c�~� 

�u�l�a�r�l�y� �a�m�e�n�a�b�l�e� �t�o� �t�h�e� �H�i�t�c�h�c�o�c�k� �m�o�d�e�l� �s�i�n�c�e� �t�h�e� �H�i�t�c�h�c�o�c�k� �m�o�d�e�l� �i�s� �a� 

�f�o�r�m�u�l�a�t�i�o�n� �o�f� �t�h�e� �s�t�a�n�d�a�r�d� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �t�r�a�n�s�p�o�r�t�a�t�i�o�n� �p�r�o�b�l�e�m�.� 

�B�o�w�m�a�n� �p�r�o�p�o�s�e�d� �t�h�e� �u�s�e� �o�f� �t�h�e� �t�r�a�n�s�p�o�r�t�a�t�i�o�n� �m�o�d�e�l� �w�i�t�h� �t�h�e� �o�b�j�e�c�t�i�v�e� 

�o�f� �a�s�s�i�g�n�i�n�g� �u�n�i�t�s� �o�f� �p�r�o�d�u�c�t�i�v�e� �c�a�p�a�c�i�t�y� �i�n� �s�u�c�h� �a� �w�a�y� �t�h�a�t� �c�o�m�b�i�n�e�d� 

�p�r�o�d�u�c�t�i�o�n� �p�l�u�s� �s�t�o�r�a�g�e� �c�o�s�t�s� �a�r�e� �m�i�n�i�m�i�z�e�d� �a�n�d� �s�a�l�e�s� �d�e�m�a�n�d�s� �m�e�t�,� 

�w�i�t�h�i�n� �t�h�e� �c�o�n�s�t�r�a�i�n�t�s� �o�f� �a�v�a�i�l�a�b�l�e� �c�a�p�a�c�i�t�y�. �� �A�n� �a�p�p�r�o�p�r�i�a�t�e� 

�r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �p�r�o�b�l�e�m� �c�a�n� �b�e� �s�e�e�n� �i�n� �T�a�b�l�e� �3�.�1� �w�h�i�c�h� �d�e�n�o�t�e�s� 

�t�h�e� �a�c�t�i�v�i�t�y� �m�a�t�r�i�x� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l�-�w�i�t�h�d�r�a�w�a�l� �p�r�o�b�l�e�m�.� 

�B�e�f�o�r�e� �t�r�y�i�n�g� �t�o� �u�n�d�e�r�s�t�a�n�d� �t�h�e� �r�e�p�r�e�s�e�n�t�a�t�i�o�n�,� �i�t� �i�s� �f�i�r�s�t� �n�e�c�e�s�s�a�r�y� 

�t�o�.� �r�e�d�e�f�i�n�e� �s�o�m�e� �p�a�r�a�m�e�t�e�r�s� �f�r�o�m� �t�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �a�n�d� �t�o� �a�l�s�o� 

�d�e�f�i�n�e� �s�o�m�e� �n�e�w� �e�l�e�m�e�n�t�s�.� 

�T�o� �b�e�g�i�n� �w�i�t�h�,� �n�o�t�e� �t�h�a�t� �f�o�r� �t�h�e� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n�,� 

�t�h�e� �i�n�d�e�x� �s�e�t� �J�,� �(�e�q�u�a�t�i�o�n� �3�.�2�)� �h�a�s� �b�e�e�n� �r�e�d�u�c�e�d� �t�o� �d�e�n�o�t�e� �a� �s�i�n�g�l�e� 

�c�l�a�s�s� �o�f� �a�s�s�e�m�b�l�i�e�s� �{�N�(�t�)� �=� �1�,� �¥� �t�}�,� �a�n�d� �t�h�e�r�e�f�o�r�e�,� �i�t� �c�a�n� �b�e� �e�l�i�m�i�n�a�t�e�d� 

�e�n�t�i�r�e�l�y� �f�o�r� �n�o�t�a�t�i�o�n�a�l� �p�u�r�p�o�s�e�s�.� �A�l�s�o�,� �t�h�e� �n�u�m�b�e�r� �o�f� �t�i�m�e� �p�e�r�i�o�d�s� 

�d�e�f�i�n�e�d� �b�y� �t�h�e� �i�n�d�e�x� �s�e�t� �T� �(�e�q�u�a�t�i�o�n� �3�.�1�)� �r�e�m�a�i�n� �t�h�e� �s�a�m�e�.� �T�h�e� �m�e�a�s�u�r�e� 

�o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� �f�o�r� �t�h�i�s� �r�e�p�r�e�s�e�n�t�a�t�i�o�n� �i�s� �t�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t� �d�e�f�i�n�e�d� 

�a�s� �C�,�_�,� �w�h�e�r�e� �i� �=� �{�0�,� �1�,� �.� �L�s� �t�e�h� �a�n�d� �n� �=� �{�1�,� �2�,� �.�.�.�,� �t�e�t�.� �T�h�e� 

�c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �p�r�o�f�i�t� �f�r�o�m� �r�e�p�r�o�c�e�s�s�i�n�g� �l�e�s�s� �t�h�e� 

�c�u�m�u�l�a�t�i�v�e� �h�o�l�d�i�n�g� �c�o�s�t�s� �i�n� �t�h�e� �f�e�a�s�i�b�l�e� �r�e�g�i�o�n�.� �O�t�h�e�r�w�i�s�e� �t�h�e� 

�i�n�f�e�a�s�i�b�l�e� �r�e�g�i�o�n� �h�a�s� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s� �g�i�v�e�n� �b�y� �a� �n�e�g�a�t�i�v�e� �"�b�i�g� �M�"�.
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�T�h�e� �c�o�e�f�f�i�c�i�e�n�t� �i�s� �r�e�p�r�e�s�e�n�t�e�d� �b�y�:� 

�c�=� �(�3�.�2�0�)� 

�w�h�e�r�e� 

�P�i�n� �=� �t�h�e� �u�n�i�t� �p�r�o�f�i�t� �r�e�s�u�l�t�i�n�g� �f�r�o�m� �r�e�p�r�o�c�e�s�s�i�n�g� �a� �s�p�e�n�t�-�f�u�e�l� 

�a�s�s�e�m�b�l�y� �i�n� �p�e�r�i�o�d� �n� �t�h�a�t� �w�a�s� �d�i�s�c�h�a�r�g�e�d� �i�n� �p�e�r�i�o�d� �i� �a�n�d�,� 

�H�i�g� �=� �t�h�e� �u�n�i�t� �h�o�l�d�i�n�g� �c�o�s�t� �f�o�r� �a� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�y� �i�n� �p�e�r�i�o�d� 

�&� �t�h�a�t� �w�a�s� �d�i�s�c�h�a�r�g�e�d� �i�n� �p�e�r�i�o�d� �i�.� 

�T�h�e� �s�u�p�p�l�y�,� �d�e�n�o�t�e�d� �b�y� �a�s�s� �a�n�d� �t�h�e� �d�e�m�a�n�d�,� �d�e�n�o�t�e�d� �b�y� �b�o�>� �a�r�e� �r�e�-� 

�d�e�f�i�n�e�d� �a�s�:� 

�~
� �I� 

�(�3�.�2�1�)� 

�G�o
� �N� �D�(�t�=�n�)�,� �¥�e�t� 

�A�l�s�o� �n�e�c�e�s�s�a�r�y� �t�o� �c�o�m�p�l�e�t�e� �t�h�i�s� �m�o�d�e�l� �i�s� �t�h�e� �d�e�f�i�n�i�t�i�o�n� �o�f� �t�h�e� 

�s�l�a�c�k� �i�n�v�e�n�t�o�r�y� �t�e�r�m� �1�,� �(�i�)� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �d�i�s�-� 

�c�h�a�r�g�e�d� �i�n� �p�e�r�i�o�d� �i� �t�h�a�t� �a�r�e� �l�e�f�t� �i�n� �i�n�v�e�n�t�o�r�y� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �h�o�r�i�z�o�n�.� 

�T�h�i�s� �a�d�d�e�d� �t�e�r�m� �a�p�p�l�i�e�s� �t�h�e� �c�o�n�s�t�r�a�i�n�t� �o�n� �t�h�e� �m�o�d�e�l� �t�h�a�t�:� 

�a�,�=� �)� �Y�.�+� �1�,� �¥�i� �|� �(�3�.�2�2�)
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�w�h�e�r�e� 

�Y�i�n� �=� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� �d�i�s�c�h�a�r�g�e�d� �i�n� �p�e�r�i�o�d� �i� 

�a�l�l�o�c�a�t�e�d� �t�o� �m�e�e�t� �d�e�m�a�n�d� �i�n� �p�e�r�i�o�d� �n�.� 

�A�n� �a�d�d�i�t�i�o�n�a�l� �c�o�n�s�t�r�a�i�n�t� �i�m�p�o�s�e�d� �i�s�:� 

�C�E� 
�b�e�a�t� �=� �)� �I�g�a�)� �(�3�.�2�3�)� 

�f� �i�=�0� 

�a�n�d� �t�h�a�t� �f�o�r� �s�u�p�p�l�y� �t�o� �e�q�u�a�l� �d�e�m�a�n�d�,� �t�h�e� �c�o�n�d�i�t�i�o�n�:� 

�t� �e�t�l� �t�r� 

�}� �a�j� �-� �)� �b�y� �=� �0� �(�3�.�2�4�)� 
�i�=�0� �n�=�1� 

�m�u�s�t� �b�e� �s�a�t�i�s�f�i�e�d�.� 

�S�u�m�m�a�r�i�z�i�n�g� �t�h�e� �l�i�n�e�a�r� �p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n� �b�y� �i�n�c�l�u�d�i�n�g� �t�h�e� 

�o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�,� �t�h�e� �p�r�o�b�l�e�m� �b�e�c�o�m�e�s�:� 

�M�a�x�i�m�i�z�e�  �� �y� �)� �C�.� �i�n� �(�3�.�2�5�)� 
�i�=�0� �n�=�1� 

�i�n� 

�s�u�b�j�e�c�t� �t�o�:� 

�t�p�t�l� 
�)� �Y�a�n� �t�I�g�(�i�)� �=� �a�y� �¥� �i� 

�n�=�1



�Y�i�n� �=� �d�y� 

�e�e� 

�a�j� �-� �b� 

�n�=�1� �"� 

�t�e� 
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�4�,� �T�H�E� �E�X�A�M�I�N�A�T�I�O�N� �A�N�D� �E�V�A�L�U�A�T�I�O�N� �O�F� �T�H�E� �C�O�M�P�O�N�E�N�T�S� 

�O�F� �T�H�E� �S�P�E�N�T�-�F�U�E�L� �W�I�T�H�D�R�A�W�A�L� �P�R�O�B�L�E�M� 
� � 

�A�.� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �N�u�c�l�e�a�r� �R�e�a�c�t�o�r�s� �i�n� �R�e�g�a�r�d� �t�o� �N�u�c�l�e�a�r� �F�u�e�l� 

�I�n� �o�r�d�e�r� �t�o� �d�e�m�o�n�s�t�r�a�t�e� �t�h�e� �u�t�i�l�i�t�y� �o�f� �t�h�e� �m�o�d�e�l�s� �d�e�v�e�l�o�p�e�d�,� �i�t� �i�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �f�i�r�s�t� �g�a�i�n� �a�n� �u�n�d�e�r�s�t�a�n�d�i�n�g� �o�f� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�n�u�c�l�e�a�r� �f�u�e�l�.� �T�h�i�s� �i�s� �a� �p�r�e�r�e�q�u�i�s�i�t�e� �f�o�r� �t�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� 

�m�o�d�e�l�,� �s�i�n�c�e� �t�h�e� �d�e�c�i�s�i�o�n�s� �r�e�s�t� �u�p�o�n� �t�h�e� �d�i�s�c�h�a�r�g�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�t�h�e� �s�p�e�n�t�-�f�u�e�l�.� 

�A�t� �p�r�e�s�e�n�t�,� �t�h�e�r�e� �a�r�e� �5�9� �c�o�m�m�e�r�c�i�a�l� �o�p�e�r�a�t�i�n�g� �r�e�a�c�t�o�r�s� �w�i�t�h�i�n� �t�h�e� 

�U�n�i�t�e�d� �S�t�a�t�e�s� �r�a�n�g�i�n�g� �i�n� �c�a�p�a�c�i�t�y� �f�r�o�m� �4�8� �t�o� �1�1�8�0� �M�W�e�.� �3�°� �O�v�e�r� �t�h�e� 

�n�e�x�t� �d�e�c�a�d�e�,� �a�s� �v�e�n�d�o�r�s� �a�t�t�e�m�p�t� �s�y�s�t�e�m� �s�t�a�n�d�a�r�d�i�z�a�t�i�o�n�,� �t�h�e� �l�a�r�g�e�s�t� 

�p�l�a�n�t�s� �o�n�-�l�i�n�e� �w�i�l�l� �h�a�v�e� �a� �c�a�p�a�c�i�t�y� �o�f� �u�p� �t�o� �1�3�0�0� �M�W�e�.� �F�o�r� �p�u�r�p�o�s�e�s� �o�f� 

�t�h�i�s� �s�t�u�d�y�,� �t�h�e� �s�y�s�t�e�m�s� �t�o� �b�e� �e�x�a�m�i�n�e�d� �w�i�l�l� �b�e� �s�t�a�n�d�a�r�d�i�z�e�d� �d�e�s�i�g�n�s� �o�f� 

�t�h�e� �f�o�u�r� �v�e�n�d�o�r�s� �c�u�r�r�e�n�t�l�y� �p�r�o�d�u�c�i�n�g� �n�u�c�l�e�a�r� �s�t�e�a�m� �s�u�p�p�l�y� �s�y�s�t�e�m�s� 

�w�i�t�h�i�n� �t�h�e� �U�n�i�t�e�d� �S�t�a�t�e�s�.� 

�T�h�e� �s�t�a�n�d�a�r�d�i�z�e�d� �s�y�s�t�e�m� �o�f� �t�h�e� �f�o�u�r� �v�e�n�d�o�r�s�,� �W�e�s�t�i�n�g�h�o�u�s�e� �(�W�)�,� 

�B�a�b�c�o�c�k� �a�n�d� �W�i�l�c�o�x� �(�B� �&� �W�)�,� �C�o�m�b�u�s�t�i�o�n� �E�n�g�i�n�e�e�r�i�n�g� �(�C�E�)�,� �a�n�d� �G�e�n�e�r�a�l� 

�E�l�e�c�t�r�i�c� �(�G�E�)� �;� �h�a�v�e� �n�o�m�i�n�a�l� �r�a�t�i�n�g�s� �o�f� �1�1�5�0�,� �1�2�0�0�,� �1�3�0�0�,� �a�n�d� �1�2�0�0� �M�W�e� 

�e�a�c�h�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �v�a�r�i�a�t�i�o�n�s� �i�n� �c�a�p�a�c�i�t�y� �p�l�u�s� 

�i�n�d�i�v�i�d�u�a�l�i�z�e�d� �c�o�m�p�a�n�y� �d�e�s�i�g�n�s�,� �t�h�e� �n�u�c�l�e�a�r� �f�u�e�l� �f�o�r� �e�a�c�h� �s�y�s�t�e�m� �h�a�s� 

�u�n�i�q�u�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s�.� �T�h�i�s� �i�s� �t�r�u�e� �f�o�r� �i�n�i�t�i�a�l� �a�n�d� �s�u�b�s�e�q�u�e�n�t� 

�l�o�a�d�i�n�g�s� �o�f� �f�r�e�s�h� �f�u�e�l�,� �a�l�o�n�g� �w�i�t�h� �t�h�e� �f�u�e�l� �d�i�s�c�h�a�r�g�e�d�.� �L�i�s�t�e�d� �i�n� 

�T�a�b�l�e� �4�.�1� �a�r�e� �d�i�s�c�h�a�r�g�e� �a�n�d� �i�n�i�t�i�a�l� �f�u�e�l�i�n�g� �d�a�t�a� �f�o�r� �t�h�e� �f�o�u�r� �l�i�g�h�t� 

�w�a�t�e�r� �r�e�a�c�t�o�r� �s�y�s�t�e�m�s�.� �T�h�e� �d�a�t�a� �g�i�v�e�n� �i�n� �t�h�i�s� �t�a�b�l�e� �w�i�l�l� �s�e�r�v�e� �a�s� �t�h�e� 

�b�a�s�i�s� �f�o�r� �p�a�r�a�m�e�t�e�r�s� �t�o �� �b�e�.� �e�s�t�a�b�l�i�s�h�e�d� �s�u�b�s�e�q�u�e�n�t�l�y�.� 

�4�6



�4�7� 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

�
 
�
 

� � 

�7�8�°�O
� 

�Z�8�°�0� 
 ¬�8�°�0� 

�Z�8�°�0� 
�(�S ¬�z�-�N

� 
�%�)� �A�e�s�s�y� 

�e�s�z�e�y�o�s�t�T�q� 
�e�s�e�s�z�s�a�y� 

 ¬
�0�°�?� 

 ¬�9�°�7� 
�6�L�£�°�S� 

 ¬�9�°�7� 
�(�S

 ¬�Z
�7�-�N

� 
�%

�)� 
�J�U

�S
�M

�Y
�y�O

�T
�A

�u
�g

� 
�p

�e
�o

�T
�e

�y� 
�e

�3
�e

�r�z�s�a
�y� 

�0�0�6�°�2�Z� 
�0�0�0�  ��E�E� 

�0�0�0 � ¬ ¬� 
�0�0�0 ��°�E�E� 

�(�Q
�I�W

�/�G
�M

�N
�)� 

�T�e�a�s�e�]� �u�o�t� �e�T�p�e�z�s�z�y�l� 
�e�s�e�r�s�a�y� 

�S
�P

�p�e�O
�T

�e�y� 
�2�1�0�9� �u

�n
�t�a

�q
�r�T

�i�n
�b

�y
� 

�c�3�8�°�0� 
�S

�3�°�0� 
�S

�8�°�0� 
�¢�3�8�°�0� 

�(�S
�e�z ��-�n� �%�)� 

�A
�e

�s�s�y� 
�o

�8
�i�e

�y
�o

�s
�T

�q
� 

�e
�s�e

�r�z�s�a
�y� 

�.� 
�.� 

�.� 
�.� 

�(�S ¬�Z�-�N
� 

�%�)� 
�C

�o�e� 
�6�°�¢� 

�T
�6�°�¢� 

�t�e
� 

�( ¬� 
�e

�s�r�e
�y�o

�s�t�T
�q

�)� 
�Y

�U
�u

�s�w
�y�o

�T
�A

�u
�Y

� 
�[�e

�T
�I�T

�u
�l� �e�s�e�r�z�s�a�y� 

�.� 
�.� 

�.� 
�.� 

�(�S ¬�c�-�N
� 

�%�)� 
�B

�T
� 

�7�°�¢� 
�T

�6�"�¢� 
�9�°�¢� 

�(�Z� 
�s�s�z�e

�y�o
�O

�S
�T

�q
�)� 

�J�U
�s�w

�Y
�y�o�T

�A
�a�u�g� 

�[�T�e�l�I�T�u�U
�l� �e�s�e�r�z�s�a�y� 

�.� 
�.� 

�.� 
�.� 

�(�S ¬�z�-�N
� 

�4�%�)� 
�o

�T
� 

�6
�°�T

� 
�1

�6
�°�C

� 
�t�e

� 
�(�I�T� 

�S
�8

�2
�e

�y
�o

�s
�t�q

�)� 
�J�U

�u
�e

�M
�Y

�y�o
�T

�A
�u

�Y
� 

�T
�e

�r�I�I�u
�y

� �e�s
�e

�r�z
�s

�a
�y

� 

�Q
�O

�O
�L

�T
� 

�0�0�0�4�7�2� 
�0�0�0�4�7�2� 

�0
�0

�0
�7

�2
� 

�(�Q
�I�W

�/�G
�M

�W
�)� 

�[�e
�s�e

�]� �u
�o

�T
�z�e

�p
�T

�p
�e

�s�s�y� 
�e

�S
�e

�r�z�s�a
�y� 

�(�S
�e

�s
�r�e

�y
�o

�S
�T

�d
� 

�3�S
�T

�)� �e�1�0�9� �T�e�r� �T
�U

�L
� 

�.� 
�.� 

�.� 
�.� 

�(�A�.�W
�)� 

�c�9�o�T
� 

�L�O
�L�E

� 
�[�8�0�%

� 
�O

�c�l�y� 
�A

�T
�q

�u
�e

�s
�s

�y
� 

�t�a�g� �e
�8

�r�e
�y

�o
�s

�t�q
� 

�e
�j�e

�w
�p

�x
�o

�a
�d

�d
�y

� 

�,� 
�,� 

�,� 
�.� 

�(�¢� �o�n�-�L�i�)� 
�S

�8�8�t� 
�V

�L�e�4� 
�6�6�9�%

� 
�7�L�9�4� 

�A
�T

�q
�u

�i�e
�s�s�y� 

�2�0�g� �s
�8

�a
�e

�y
�o

�s
�T

�q
� 

�e
�z

�e
�w

�r�x
�o

�a
�d

�d
�y

� 

 ¬�8�T� 
�0�8� 

�8�9� 
�"�9� 

�A�T�T�e�n�u�u�y� 
�p�e�s�z�e�y�o�s�t�q� 

�s�e�T�{�q�u�i�e�s�s�y� 
�j�o� 

 ��o�N� 
�8�1�0�9�)� �¥�/�T� 

�e
�1

�0
�9

�  ¬�/�T� 
�2�1�0�9�  ¬�/�T� 

�2
�1

�0
�9

�  ¬�/�T
� 

�a
�s

�i�e
�y

�o
�s

�t�q
� 

�T
�e

�n
�u

�u
�y� 

�C
�E

�L� 
�T�V

�?� 
�S

�0�Z� 
 ¬�6�T

� 
�8

�1
�0

�)� 
�/�S

�e
�T

�T
�q

�u
�e

�s
�s

�y
� 

�O
�O

�c�T
� 

�O
�O

�E
�T

� 
�O

�O
�0�c�T� 

�O
�S�T�T�L� 

�o�M
�N

� 

�(�a�9�)� 
�(�4�9�)� 

�(�M� �®� �@�)� 
�(�M�)� 

�u�M
� 

�u�m
�d� 

�d�a�M
�d� 

�u�m
�d� 

�a�d� �A�L� 

� � � � � � � � 
�
 
�
 

�z�i� 
 ��z�z�e�v�e�d� 

�e�s�z�e�y�o�s�t�q� 
�p�u�e� �T�e�n�g� �Y�M

�I�  ��T�*�y� �e�T�q�I�e�L� 

� 



�4�8� 

�D�u�r�i�n�g� �s�t�a�r�t�-�u�p� �a�n�d� �i�n�i�t�i�a�l� �t�e�s�t�i�n�g� �o�f� �t�h�e� �n�u�c�l�e�a�r� �s�t�e�a�m� �s�u�p�p�l�y� 

�s�y�s�t�e�m�,� �v�a�r�i�a�t�i�o�n�s� �i�n� �b�u�r�n�u�p� �a�r�e� �t�o� �b�e� �n�o�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �i�n�i�t�i�a�l� �c�o�r�e� 

�a�n�d� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �c�o�r�e�.� �T�h�e�s�e� �b�u�r�n�u�p�s�,� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �a�n� �a�v�e�r�a�g�e� �o�f� 

�2�4�,�0�0�0� �a�n�d� �1�7�,�0�0�0� �m�e�g�a�w�a�t�t�-�d�a�y�s� �p�e�r� �m�e�t�r�i�c� �t�o�n�n�e� �o�f� �u�r�a�n�i�u�m� �(�M�W�D�/�M�T�U�)� 

�f�o�r� �t�h�e� �i�n�i�t�i�a�l� �c�o�r�e� �o�f� �t�h�e� �P�W�R� �a�n�d� �B�W�R� �s�y�s�t�e�m�s� �r�e�s�p�e�c�t�i�v�e�l�y�,� �y�i�e�l�d� �f�u�e�l� 

�a�t� �d�i�s�c�h�a�r�g�e� �w�i�t�h� �a� �u�r�a�n�i�u�m� �a�s�s�a�y� �o�f� �0�.�8�5�%� �U�-�2�3�5� �a�n�d� �0�.�8�6�4� �U�-�2�3�5� �r�e�s�p�e�c�-� 

�t�i�v�e�l�y�.� �S�i�m�i�l�a�r� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �c�a�n� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m�-� 

�c�o�r�e� �l�o�a�d�i�n�g� �d�a�t�a�.� �T�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �d�e�s�i�g�n� �a�n�d� �o�p�e�r�a�t�i�n�g� �c�h�a�r�a�c�-� 

�t�e�r�i�s�t�i�c�s� �f�o�r� �t�h�e� �B�W�R� �a�n�d� �P�W�R� �r�e�s�u�l�t�s� �i�n� �t�h�e� �d�i�f�f�e�r�e�n�c�e� �i�n� �b�u�r�n�u�p�s� 

�e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �e�a�c�h� �s�y�s�t�e�m�.� 

�A�t� �b�e�s�t�,� �n�u�c�l�e�a�r� �p�o�w�e�r� �s�y�s�t�e�m�s� �c�a�n� �e�x�t�r�a�c�t� �o�n�l�y� �a�b�o�u�t� �2�4� �o�f� �t�h�e� 

�e�n�e�r�g�y� �t�h�e�o�r�e�t�i�c�a�l�l�y� �a�v�a�i�l�a�b�l�e� �f�r�o�m� �u�r�a�n�i�u�m� �f�u�e�l�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�i�s� 

�l�o�w� �e�n�e�r�g�y� �y�i�e�l�d� �w�i�t�h� �r�e�s�p�e�c�t� �t�o� �w�h�a�t� �i�s� �t�h�e�o�r�e�t�i�c�a�l�l�y� �a�v�a�i�l�a�b�l�e�,� �|� 

�n�u�c�l�e�a�r� �r�e�a�c�t�o�r� �f�u�e�l� �m�u�s�t� �b�e� �r�e�p�l�a�c�e�d� �p�e�r�i�o�d�i�c�a�l�l�y�.� �C�u�r�r�e�n�t� �g�e�n�e�r�a�t�i�o�n� 

�r�e�a�c�t�o�r�s� �s�y�s�t�e�m�s� �o�p�e�r�a�t�e� �o�n� �a� �c�y�c�l�e� �i�n� �w�h�i�c�h� �a� �p�o�r�t�i�o�n� �o�f� �t�h�e� �c�o�r�e� �i�s� 

�r�e�p�l�a�c�e�d� �a�n�n�u�a�l�l�y�.� �E�a�c�h� �o�f� �t�h�e� �P�W�R� �s�y�s�t�e�m�s� �d�i�s�c�h�a�r�g�e� �o�n�e�-�t�h�i�r�d� �o�f� 

�t�h�e�i�r� �c�o�r�e� �a�n�n�u�a�l�l�y�,� �w�h�i�l�e� �t�h�e� �B�W�R� �s�y�s�t�e�m� �d�i�s�c�h�a�r�g�e�s� �o�n�e�-�f�o�u�r�t�h� �o�f� �i�t�s� 

�c�o�r�e� �a�n�n�u�a�l�l�y�.� �T�h�i�s� �d�i�f�f�e�r�e�n�c�e� �b�e�t�w�e�e�n� �t�h�e� �P�W�R� �a�n�d� �B�W�R� �c�a�n� �o�n�c�e� �a�g�a�i�n� 

�b�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� �d�i�f�f�e�r�e�n�c�e� �i�n� �t�h�e� �b�a�s�i�c� �d�e�s�i�g�n� �a�n�d� �o�p�e�r�a�t�i�n�g� 

�c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �e�a�c�h� �s�y�s�t�e�m�.� 

�A�s� �a� �r�e�s�u�l�t� �o�f� �i�r�r�a�d�i�a�t�i�o�n� �i�n� �t�h�e� �r�e�a�c�t�o�r�,� �i�n� �w�h�i�c�h� �e�n�e�r�g�y� �i�s� 

�p�r�o�d�u�c�e�d� �b�y� �t�h�e� �f�i�s�s�i�o�n� �p�r�o�c�e�s�s�,� �a� �f�r�a�c�t�i�o�n� �o�f� �t�h�e� �u�r�a�n�i�u�m� �o�r�i�g�i�n�a�l�l�y� 

�c�h�a�r�g�e�d� �i�n�t�o� �t�h�e� �c�o�r�e� �i�s� �b�r�e�d� �i�n�t�o� �p�l�u�t�o�n�i�u�m� �a�n�d�/�o�r� �c�o�n�v�e�r�t�e�d� �i�n�t�o� 

�f�i�s�s�i�o�n� �p�r�o�d�u�c�t�s�.� �A�t� �d�i�s�c�h�a�r�g�e�,� �o�v�e�r� �9�8�%� �o�f� �t�h�e� �o�r�i�g�i�n�a�l� �u�r�a�n�i�u�m� 

�c�h�a�r�g�e�d� �i�n�t�o� �t�h�e� �r�e�a�c�t�o�r� �r�e�m�a�i�n�s�.�!�?� �F�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� �t�h�e



�4�9� 

�n�e�g�l�i�g�i�b�l�e� �d�i�f�f�e�r�e�n�c�e� �w�a�s� �i�g�n�o�r�e�d� �a�n�d� �t�h�e� �u�r�a�n�i�u�m� �d�i�s�c�h�a�r�g�e�d� �w�a�s� 

�c�a�l�c�u�l�a�t�e�d� �b�a�s�e�d� �u�p�o�n� �t�h�e� �i�n�i�t�i�a�l� �c�h�a�r�g�i�n�g�.� 

�L�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�2� �a�r�e� �d�i�s�c�h�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �u�r�a�n�i�u�m� �a�n�d� 

�p�l�u�t�o�n�i�u�m� �f�o�u�n�d� �i�n� �s�p�e�n�t�-�f�u�e�l�.� �T�h�e� �c�a�l�c�u�l�a�t�i�o�n�s� �f�o�r� �p�l�u�t�o�n�i�u�m� �q�u�a�n�t�i�t�i�e�s� 

�a�r�e� �b�a�s�e�d� �o�n� �a�n� �a�v�e�r�a�g�e� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �d�i�s�c�h�a�r�g�e� �o�f� �4�.�8�2�4� �k�g�/�M�T�U� �a�n�d� 

�5�.�9�3�0� �k�g�/�M�T�U� �f�o�r� �t�h�e� �i�n�i�t�i�a�l� �a�n�d� �r�e�p�l�a�c�e�m�e�n�t� �c�o�r�e�s� �o�f� �a� �B�W�R�;� �a�n�d� �5�.�8�2�9� 

�k�g�/�M�T�U� �a�n�d� �6�.�6�3�3� �k�g�/�M�T�U� �f�o�r� �t�h�e� �i�n�i�t�i�a�l� �a�n�d� �r�e�p�l�a�c�e�m�e�n�t� �c�o�r�e�s� �o�f� �a� 

�P�W�R�.�2�7� 

 ��T�h�e� �i�s�o�t�o�p�i�c� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �d�i�s�c�h�a�r�g�e�d� �p�l�u�t�o�n�i�u�m� �v�a�r�i�e�s� �w�i�t�h� �f�u�e�l� 

�e�x�p�o�s�u�r�e� �a�n�d� �w�i�t�h� �r�e�p�e�a�t�e�d� �r�e�c�y�c�l�e� �o�f� �r�e�c�o�v�e�r�e�d� �p�l�u�t�o�n�i�u�m� �i�n� �L�W�R�'�s�.�!�7� 

�W�i�t�h� �s�u�c�c�e�s�s�i�v�e� �r�e�c�y�c�l�e�s�,� �t�h�e� �b�u�i�l�d� �u�p� �o�f� �P�u�-�2�3�6�,� �P�u�-�2�3�8�,� �P�u�-�2�4�0�,� �a�n�d� 

�P�u�-�2�4�2� �i�n�c�r�e�a�s�e�s� �a�n�d� �a� �g�r�e�a�t�e�r� �a�m�o�u�n�t� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m�,� �P�u�-�2�3�9� �a�n�d� 

�P�u�-�2�4�1�,� �i�s� �r�e�q�u�i�r�e�d� �t�o� �c�o�m�p�e�n�s�a�t�e� �f�o�r� �p�a�r�a�s�i�t�i�c� �c�a�p�t�u�r�e�.� �T�h�i�s� �i�s� 

�i�l�l�u�s�t�r�a�t�e�d� �b�y� �D�e�o�n�i�g�i�!�l�?� �i�n� �w�h�i�c�h� �i�t� �i�s� �n�o�t�e�d� �t�h�a�t� �d�u�r�i�n�g� �t�h�e� �n�e�x�t� 

�d�e�c�a�d�e�,� �t�h�e� �n�u�c�l�e�a�r� �i�n�d�u�s�t�r�y� �w�i�l�l� �p�a�s�s� �t�h�r�o�u�g�h� �a� �t�r�a�n�s�i�t�i�o�n� �w�h�e�r�e� �m�o�s�t� 

�o�f� �t�h�e� �f�u�e�l� �d�i�s�c�h�a�r�g�e�d� �w�i�l�l� �b�e� �a�t� �a� �l�o�w�,� �v�a�r�i�a�t�i�o�n�a�l� �e�x�p�o�s�u�r�e�,� �t�o� �a� 

�s�i�t�u�a�t�i�o�n� �i�n� �t�h�e� �y�e�a�r� �1�9�8�5� �w�h�e�r�e� �t�h�e� �d�i�s�c�h�a�r�g�e�d� �f�u�e�l� �w�i�l�l� �b�e� �p�r�e�-� 

�d�o�m�i�n�a�n�t�l�y� �a�t� �e�q�u�i�l�i�b�r�i�u�m� �e�x�p�o�s�u�r�e�s�.� �T�h�e� �r�e�s�u�l�t�s� �o�f� �t�e�s�t�i�n�g� �f�u�e�l� �t�o� 

�d�a�t�e� �s�h�o�w� �t�h�i�s� �a�s�s�u�m�p�t�i�o�n� �t�o� �b�e� �t�r�u�e�.�!�7� �T�h�u�s�,� �i�t� �w�i�l�l� �b�e� �a�s�s�u�m�e�d� �f�o�r� 

�t�h�i�s� �s�t�u�d�y� �t�h�a�t� �t�h�e� �a�v�e�r�a�g�e� �c�o�m�p�o�s�i�t�i�o�n� �o�f� �p�l�u�t�o�n�i�u�m� �i�n� �d�i�s�c�h�a�r�g�e�d� �f�u�e�l� 

�i�s� �t�h�a�t� �g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�3�.� �A�l�s�o� �a�s�s�u�m�e�d� �i�s� �t�h�a�t� �t�h�e� �c�o�m�p�o�s�i�t�i�o�n� �g�i�v�e�n� 

�f�o�r� �p�l�u�t�o�n�i�u�m� �i�n� �1�9�7�5� �a�p�p�l�i�e�s� �t�h�r�o�u�g�h� �1�9�7�9�;� �t�h�a�t� �f�o�r� �1�9�8�0� �a�p�p�l�i�e�s� �t�h�r�o�u�g�h� 

�1�9�8�4�;� �a�n�d� �t�h�a�t� �f�o�r� �1�9�8�5� �a�p�p�l�i�e�s� �t�h�r�o�u�g�h� �t�h�e� �r�e�m�a�i�n�d�e�r� �o�f� �t�h�e� �c�e�n�t�u�r�y�.� 

�A�l�s�o� �i�n�c�l�u�d�e�d� �i�n� �T�a�b�l�e� �4�.�3� �i�s� �t�h�e� �p�e�r�c�e�n�t� �o�f� �t�h�e� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �i�n� 

�t�h�e� �s�p�e�n�t�-�f�u�e�l� �a�t� �d�i�s�c�h�a�r�g�e�.
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�T�a�b�l�e� �4�.�2�.� �S�p�e�n�t� �F�u�e�l� �D�i�s�c�h�a�r�g�e� �C�h�a�r�a�c�t�e�r�i�s�t�i�c�s� 

�P�W�R� �P�W�R� �P�W�R� �B�W�R� 
�T�E�E� �w�)� �|� �@�B�e�w� �|� �(�c�E�)� �(�G�E�)� 

�I�n�i�t�i�a�l� �C�o�r�e� 

�D�i�s�c�h�a�r�g�e� �p�e�r� �A�s�s�e�m�b�l�y� 
�.� �.� �.� �6�6�.�2� �(�k�g� �U�)� �4�1�2�.�0� �4�0�8�.�1� �3�7�6�.�1� �1� 

�D�i�s�c�h�a�r�g�e� �p�e�r� �A�s�s�e�m�b�l�y� 
�(�k�g� �f�i�s�s�i�l�e� �P�u�)� �2�.�4�0�1�5� �2�.�3�7�8�8� �2�.�1�9�5�8� �0�.�8�0�1�7� 

�E�q�u�i�l�i�b�r�i�u�m� �C�o�r�e� 

�D�i�s�c�h�a�r�g�e� �P�e�r� �A�s�s�e�m�b�l�y� �4�1�2�.�0� �4�0�8�.�1� �3�7�6�.�1� �1�6�6�.�2� 
�(�k�g� �U�)� �s� �e� �.� �}� �s� 

�D�i�s�c�h�a�r�g�e� �P�e�r� �A�s�s�e�m�b�l�y� �|� �5� �7�3�2�8� �|� �2�.�7�0�6�9� �|� �2�.�4�9�8�7� �|� �0�.�9�8�5�6� �(�k�g� �f�i�s�s�i�l�e� �P�u�)� � � � � � � � � � � � 
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�T�a�b�l�e� �4�.�3�.� �A�v�e�r�a�g�e� �C�o�m�p�o�s�i�t�i�o�n� �o�f� �P�l�u�t�o�n�i�u�m� �A�v�a�i�l�a�b�l�e� �f�o�r� �R�e�c�y�c�l�e� 

�P�e�r� �C�e�n�t�! �� 

�Y�E�A�R� �|� �P�u�-�2�3�6� �|� �P�u�-�2�3�8� �|� �P�u�-�2�3�9� �|� �P�u�-�2�4�0� �|� �P�u�-�2�4�1� �|� �P�u�-�2�4�2� �|� �F�i�s�s�i�l�e� �P�u� 

�1�9�7�5� �|� �0�.�0�0�6� �1�.�0� �6�4� �.� �2�2� �1�0� �3� �7�4� 

�1�9�8�0� �|� �0�.�0�0�7� �1�.�5� �5�8� �2�4� �1�1� �5� �6�9� 

�1�9�8�5� �|� �0�.�0�0�7� �1�.�7� �5�4� �2�5� �1�2� �7� �6�6� � � � � � � � � � � � � � � � � � 



�5�2� 

�P�l�u�t�o�n�i�u�m�-�2�4�1� �i�s� �r�a�d�i�o�a�c�t�i�v�e� �a�n�d� �u�n�d�e�r�g�o�e�s� �a� �b�e�t�a� �d�e�c�a�y� �t�o� 

�a�m�e�r�i�c�i�u�m�-�2�4�1� �w�i�t�h� �a� �h�a�l�f�-�l�i�f�e� �o�f� �1�3�.�2� �y�e�a�r�s�.� �A�s� �a� �r�e�s�u�l�t�,� �t�h�e�r�e� �i�s� �a� 

�d�e�c�r�e�a�s�e� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �c�o�n�t�e�n�t� �i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �w�i�t�h� �t�i�m�e�.� �T�h�i�s� 

�e�f�f�e�c�t� �t�e�n�d�s� �t�o� �r�e�d�u�c�e� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �f�r�o�m� 

�r�e�p�r�o�c�e�s�s�i�n�g�.� �T�h�e� �e�f�f�e�c�t� �o�f� �t�h�i�s� �P�u�-�2�4�1� �d�e�c�a�y� �o�n� �t�h�e� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� 

�i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �a�s�s�e�m�b�l�y� �i�s� �e�x�p�r�e�s�s�e�d� �b�y�:� 

�P�u�g�(�t�)� �=� �P�u�g� �(�0�)� �{�1� �~� �r�(�l�-�e�-�A�t�)�}� �(�4�.�1�)� 

�w�h�e�r�e� 

�P�u�g�(�t�)� �=� �q�u�a�n�t�i�t�y� �o�f� �f�i�s�s�i�l�e�.� �p�l�u�t�o�n�i�u�m� �(�2�3�9� �+� �2�4�1�)� �a�t� �t�i�m�e� �t�,� 

�P�u�g�(�0�)� �=� �q�u�a�n�t�i�t�y� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �(�2�3�9� �+� �2�4�1�)� �a�t� �d�i�s�c�h�a�r�g�e�,� 

�r� �=� �t�h�e� �r�a�t�i�o� �o�f� �P�u�-�2�4�1� �a�t�:� �t�i�m�e� �t�=�0� �t�o� �t�h�e� �t�o�t�a�l� �f�i�s�s�i�l�e� 

�P�u� �(�2�3�9� �+� �2�4�1�)� �a�t� �t�i�m�e� �t�=�0�,� �a�n�d� 

�X� �=� �t�h�e� �d�e�c�a�y� �c�o�n�s�t�a�n�t� �f�o�r� �P�u�-�2�4�1�,� �A�=�.�0�5�2�5�1� �y�e�a�r�7�l�,� 

�E�q�u�a�t�i�o�n� �4�.�1� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �c�o�r�r�e�c�t�i�o�n� �f�o�r� �P�u�-�2�4�1� �d�e�c�a�y� �i�n� �s�t�o�r�e�d� �s�p�e�n�t�-� 

�f�u�e�l�.� 

�H�a�v�i�n�g� �e�s�t�a�b�l�i�s�h�e�d� �t�h�e� �e�s�s�e�n�t�i�a�l� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �s�p�e�n�t�-�f�u�e�l�,� 

�i�t� �i�s� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �s�u�p�p�l�y� �a�n�d� �t�h�e� �s�p�e�n�t�-�f�u�e�l� 

�d�e�m�a�n�d�.� �T�h�e�s�e� �p�r�e�r�e�q�u�i�s�i�t�e�s� �f�o�r� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �a�n�d� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� �m�o�d�e�l� 

�a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �t�h�e� �f�o�l�l�o�w�i�n�g� �s�e�c�t�i�o�n�.� 

�B�.� �S�p�e�n�t�-�F�u�e�l� �S�u�p�p�l�y� �a�n�d� �D�e�m�a�n�d� �P�r�o�j�e�c�t�i�o�n�s� 

�I�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �f�i�r�s�t� �e�x�a�m�i�n�e� �t�h�e� �s�u�p�p�l�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �g�l�o�b�a�l�l�y� 

�i�n� �o�r�d�e�r� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �b�a�s�e�d� �o�n� �r�e�a�c�t�o�r� �m�i�x�.� 

�E�R�D�A� �h�a�s� �p�u�b�l�i�s�h�e�d� �p�r�o�j�e�c�t�i�o�n�s� �f�o�r� �q�u�a�n�t�i�t�i�e�s� �o�f� �s�p�e�n�t�-�f�u�e�l� �g�e�n�e�r�a�t�e�d



�5�3� 

�o�v�e�r� �t�h�e� �i�n�t�e�r�v�a�l� �1�9�7�6�-�1�9�8�5�.�*�*� �T�h�i�s� �p�r�o�j�e�c�t�i�o�n� �i�s� �b�a�s�e�d� �o�n� �r�e�a�c�t�o�r�s� 

�o�n�-�l�i�n�e� �a�n�d� �t�h�o�s�e� �a�n�t�i�c�i�p�a�t�e�d� �t�o� �b�e� �o�n�-�l�i�n�e� �t�h�r�o�u�g�h� �t�h�e� �e�n�d� �o�f� �1�9�8�5�.� 

�B�a�s�e�d� �u�p�o�n� �t�h�e� �p�r�o�j�e�c�t�e�d� �g�r�o�w�t�h� �o�f� �n�u�c�l�e�a�r� �g�e�n�e�r�a�t�i�n�g� �c�a�p�a�c�i�t�y� 

�p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �4�.�4�,� �a� �c�o�m�p�a�r�i�s�o�n� �i�s� �m�a�d�e� �t�o� �d�e�t�e�r�m�i�n�e� �a�n� �a�v�e�r�a�g�e� 

�s�p�e�n�t�-�f�u�e�l� �s�u�p�p�l�y� �p�e�r� �G�W�e� �(�1�0�0�0� �M�W�e�)�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�i�s� �c�o�m�p�a�r�i�s�o�n� 

�t�h�r�o�u�g�h� �t�h�e� �y�e�a�r� �1�9�8�5�,� �t�h�e� �d�i�s�c�h�a�r�g�e�d� �q�u�a�n�t�i�t�i�e�s� �o�f� �s�p�e�n�t�-�f�u�e�l� �i�n� �t�e�r�m�s� 

�o�f� �t�o�n�n�e�s� �o�f� �u�r�a�n�i�u�m� �a�n�d� �a�l�s�o� �t�h�e� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �p�e�r� �g�i�g�a�w�a�t�t� 

�(�1�0�0�0� �m�e�g�a�w�a�t�t�)� �e�l�e�c�t�r�i�c� �w�e�r�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�e�s�e� �q�u�a�n�t�i�t�i�e�s�,� �g�i�v�e�n� �i�n� 

�T�a�b�l�e� �4�.�5�,� �r�e�p�r�e�s�e�n�t� �t�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �p�r�o�j�e�c�t�e�d� �s�p�e�n�t�-�f�u�e�l� �s�u�p�p�l�y� �b�y� 

�r�e�a�c�t�o�r� �t�y�p�e� �t�o� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �b�e�y�o�n�d� �1�9�8�5�.� �B�y� �a�s�s�u�m�i�n�g� �a�n� �i�n�s�t�a�l�l�e�d� 

�c�a�p�a�c�i�t�y� �o�f� �1� �B�W�R� �t�o� �2� �P�W�R�'�s� �b�e�y�o�n�d� �1�9�8�7�,� �n�u�c�l�e�a�r� �g�r�o�w�t�h� �c�a�p�a�c�i�t�y� �b�y� 

�r�e�a�c�t�o�r� �m�i�x� �i�s� �e�s�t�a�b�l�i�s�h�e�d�.� �T�h�i�s� �p�r�o�j�e�c�t�i�o�n�,� �c�o�u�p�l�e�d� �w�i�t�h� �t�h�e� �a�v�e�r�a�g�e� 

�d�i�s�c�h�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �o�f� �s�p�e�n�t�-�f�u�e�l� �p�r�e�s�e�n�t�e�d� �i�n� �T�a�b�l�e� �4�.�5�,� �r�e�s�u�l�t� �i�n� 

�t�h�e� �g�l�o�b�a�l� �s�p�e�n�t�-�f�u�e�l� �s�u�p�p�l�y� �p�r�o�j�e�c�t�i�o�n�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�6�.� �I�n� �T�a�b�l�e� 

�4�.�6�,� �t�o�n�n�e�s� �o�f� �u�r�a�n�i�u�m� �a�s� �w�e�l�l� �a�s� �t�h�e� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �o�f� �s�p�e�n�t�-�f�u�e�l� 

�d�i�s�c�h�a�r�g�e�d� �p�e�r� �y�e�a�r� �a�r�e� �d�i�s�p�l�a�y�e�d�.� �C�a�l�c�u�l�a�t�i�o�n�s� �o�f� �t�h�e� �p�r�o�j�e�c�t�e�d� 

�q�u�a�n�t�i�t�i�e�s� �i�n� �a� �g�i�v�e�n� �y�e�a�r� �a�r�e� �b�a�s�e�d� �o�n� �t�h�e� �i�n�s�t�a�l�l�e�d� �c�a�p�a�c�i�t�y� �t�h�e� 

�p�r�e�v�i�o�u�s� �y�e�a�r�,� �i�n�d�i�c�a�t�i�n�g� �t�h�e� �o�n�e� �y�e�a�r� �l�a�g� �i�n� �f�u�e�l� �l�o�a�d�i�n�g� �a�n�d� �s�u�b�s�e�q�u�e�n�t� 

�d�i�s�c�h�a�r�g�e�.� �H�a�v�i�n�g� �e�s�t�a�b�l�i�s�h�e�d� �t�h�e� �g�l�o�b�a�l� �q�u�a�n�t�i�t�i�e�s� �o�f� �s�p�e�n�t�-�f�u�e�l� 

�d�i�s�c�h�a�r�g�e�d� �p�e�r� �y�e�a�r�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �s�p�e�n�t�-�f�u�e�l� 

�d�i�s�c�h�a�r�g�e� �p�e�r� �r�e�a�c�t�o�r�.� �T�h�e�s�e� �q�u�a�n�t�i�t�i�e�s� �a�r�e� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �t�h�e� 

�s�t�a�n�d�a�r�d�i�z�e�d� �s�y�s�t�e�m�s� �e�x�a�m�i�n�e�d� �i�n� �T�a�b�l�e� �4�.�1� �a�n�d� �r�e�p�r�e�s�e�n�t� �t�h�e� �a�n�n�u�a�l� 

�s�u�p�p�l�y� �a�v�a�i�l�a�b�l�e�.� �A�s� �d�i�s�c�u�s�s�e�d� �e�a�r�l�i�e�r�,� �t�h�e�s�e� �s�y�s�t�e�m�s� �a�r�e� �t�h�e� �r�e�p�r�e�-� 

�s�e�n�t�a�t�i�v�e� �m�o�d�e�l�s� �o�f� �t�h�e� �r�e�a�c�t�o�r�s� �t�o� �b�e� �a�n�a�l�y�z�e�d�.� �D�i�s�c�h�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� 

�a�r�e� �6�4�,� �6�8�,� �8�0�,� �1�8�3� �a�s�s�e�m�b�l�i�e�s� �p�e�r� �y�e�a�r� �f�o�r� �t�h�e� �W�e�s�t�i�n�g�h�o�u�s�e�,� �B�a�b�c�o�c�k
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�5�7� 

�a�n�d� �W�i�l�c�o�x�,� �C�o�m�b�u�s�t�i�o�n� �E�n�g�i�n�e�e�r�i�n�g�,� �a�n�d� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �s�y�s�t�e�m�s�,� �r�e�s�-� 

�p�e�c�t�i�v�e�l�y�.�!�4� 

�W�i�t�h� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �s�u�p�p�l�y� �p�r�o�j�e�c�t�i�o�n�s� �e�s�t�a�b�l�i�s�h�e�d�,� �i�t� �i�s� �n�e�c�-� 

�e�s�s�a�r�y� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y�.� �F�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� 

�t�h�i�s� �s�t�u�d�y�,� �t�h�e� �a�m�o�u�n�t� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �a�v�a�i�l�a�b�l�e� �p�e�r� �r�e�a�c�t�o�r� �i�n� �a�n�y� 

�y�e�a�r� �i�s� �b�a�s�e�d� �u�p�o�n�:� 

 ��1�.� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� �i�n� �t�h�e� �g�i�v�e�n� �y�e�a�r�,� 

�2�.� �t�h�e� �a�m�o�u�n�t� �o�f� �s�p�e�n�t�-�f�u�e�l� �g�e�n�e�r�a�t�e�d� �i�n� �a� �g�i�v�e�n� �y�e�a�r�,� �a�n�d� 

�3�.� �t�h�e� �r�e�a�c�t�o�r� �m�i�x� �i�n� �w�h�i�c�h� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� �i�s� 

�d�i�s�t�r�i�b�u�t�e�d�.� 

�A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� �s�t�a�t�e�m�e�n�t�s� �a�b�o�v�e�,� �t�h�e� �r�e�-� 

�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� �i�n� �a�n�y� �g�i�v�e�n� �y�e�a�r� �a�r�e� �d�i�s�t�r�i�b�u�t�e�d� �t�o� �p�r�o�c�e�s�s� 

�o�n�l�y� �t�h�e� �a�d�d�i�t�i�o�n�a�l� �n�e�w� �f�u�e�l� �a�d�d�e�d� �t�o� �t�h�e� �s�u�p�p�l�y� �e�a�c�h� �y�e�a�r�.� �T�h�i�s� �e�s�-� 

�t�a�b�l�i�s�h�e�s� �a� �r�e�p�r�o�c�e�s�s�i�n�g� �d�e�m�a�n�d� �d�i�s�t�r�i�b�u�t�i�o�n� �i�n� �w�h�i�c�h� �p�e�r�-�r�e�a�c�t�o�r� �r�e�-� 

�p�r�o�c�e�s�s�i�n�g� �d�e�m�a�n�d�s� �c�a�n� �b�e� �e�s�t�a�b�l�i�s�h�e�d�.� �F�r�o�m� �t�h�e� �t�h�i�r�d� �s�t�a�t�e�m�e�n�t� 

�a�b�o�v�e�,� �t�h�e� �a�s�s�u�m�e�d� �r�e�a�c�t�o�r� �m�i�x� �i�s� �2� �P�W�R ��s� �t�o� �1� �B�W�R�.� �T�h�i�s� �i�n� �e�f�f�e�c�t� 

�a�l�l�o�t�s� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �b�y� �t�w�o�-�t�h�i�r�d�s� �o�f� �t�h�e� �t�o�t�a�l� �t�o� �P�W�R�'�s�,� 

�a�n�d� �o�n�e�-�t�h�i�r�d� �o�f� �t�h�e� �t�o�t�a�l� �t�o� �B�W�R�'�s�.� �T�h�i�s� �i�s� �n�e�c�e�s�s�a�r�y� �s�i�n�c�e� �b�o�t�h� 

�s�y�s�t�e�m�s� �a�r�e� �t�o� �b�e� �e�x�a�m�i�n�e�d� �o�n� �a� �u�n�i�t�-�r�e�a�c�t�o�r� �b�a�s�i�s�.� 

�B�e�f�o�r�e� �p�r�o�c�e�e�d�i�n�g� �f�u�r�t�h�e�r�,� �t�h�e� �n�e�x�t� �q�u�e�s�t�i�o�n� �t�o� �b�e� �a�n�s�w�e�r�e�d� �r�e�-� 

�l�a�t�e�s� �t�o� �t�h�e� �a�v�a�i�l�a�b�i�l�i�t�y� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �d�u�r�i�n�g� �t�h�e� �t�i�m�e� 

�f�r�a�m�e� �e�x�a�m�i�n�e�d�.� �A�s� �a� �r�e�s�u�l�t� �o�f� �a� �s�t�u�d�y� �b�y� �M�a�c�e�k�,�!�7� �t�h�r�e�e� �s�c�e�n�a�r�i�o�s� 

�r�e�f�l�e�c�t�i�n�g� �r�e�p�r�o�c�e�s�s�i�n�g� �p�l�a�n�t� �s�t�a�r�t�-�u�p� �a�r�e� �e�s�t�a�b�l�i�s�h�e�d�.� �T�h�e�y� �a�r�e�:



�5�8� 

�1�.� �O�p�t�i�m�i�s�t�i�c�,� �w�i�t�h�.� �s�t�a�r�t�-�u�p� �m�i�d�-�1�9�7�9�,� 

�2�.� �R�e�a�l�i�s�t�i�c�,� �w�i�t�h� �s�t�a�r�t�-�u�p� �1�9�8�1�,� �a�n�d� 

�3�.� �P�e�s�s�i�m�i�s�t�i�c�,� �w�i�t�h� �s�t�a�r�t�-�u�p� �1�9�8�3�.� 

�F�o�r� �p�u�r�p�o�s�e�s� �o�f� �p�l�a�n�t� �s�t�a�r�t�-�u�p�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �t�h�e� �p�l�a�n�t�s� �o�p�-� 

�e�r�a�t�e� �a�t� �o�n�e�-�t�h�i�r�d� �a�n�d� �t�w�o�-�t�h�i�r�d�s� �c�a�p�a�c�i�t�y� �i�n� �t�h�e�i�r� �f�i�r�s�t� �a�n�d� �s�e�c�o�n�d� 

�y�e�a�r�s� �o�f� �o�p�e�r�a�t�i�o�n�,� �r�e�s�p�e�c�t�i�v�e�l�y�;� �a�n�d� �a�t� �t�h�e�i�r� �r�a�t�e�d� �c�a�p�a�c�i�t�i�e�s� 

�t�h�e�r�e�a�f�t�e�r�.�!�?� �T�h�i�s� �i�s� �i�n� �a�c�c�o�r�d� �w�i�t�h� �r�e�c�e�n�t� �g�o�v�e�r�n�m�e�n�t� �a�n�d� �i�n�d�e�p�e�n�-� 

�0� �T�h�e� �e�a�r�l�i�e�s�t� �s�t�a�r�t�-�u�p� �d�e�n�t� �s�t�u�d�i�e�s� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y�. �� 

�d�a�t�e� �(�o�p�t�i�m�i�s�t�i�c� �s�c�e�n�a�r�i�o�)� �p�r�o�j�e�c�t�s� �s�t�a�r�t�-�u�p� �o�f� �A�l�l�i�e�d� �G�e�n�e�r�a�l� �N�u�c�l�e�a�r� 

�S�e�r�v�i�c�e�s� �(�A�G�N�S�)� �p�l�a�n�t� �a�t� �B�a�r�n�w�e�l�l� �i�n� �1�9�7�8�,� �N�u�c�l�e�a�r� �F�u�e�l� �S�e�r�v�i�c�e�s� �(�N�F�S�)� 

�i�n� �1�9�8�3�,� �E�x�x�o�n� �i�n� �1�9�8�5�,� �a�n�d� �a� �f�o�u�r�t�h� �p�l�a�n�t� �i�n� �1�9�8�7�.� �T�h�e� �r�a�t�e�d� �c�a�p�a�c�-� 

 ��i�t�i�e�s� �o�f� �t�h�e� �p�l�a�n�t�s� �a�r�e� �1�5�0�0�,� �7�5�0�,� �2�0�0�0�,� �a�n�d� �2�0�0�0� �m�e�t�r�i�c� �t�o�n� �h�e�a�v�y� 

�m�e�t�a�l� �p�e�r� �y�e�a�r� �(�M�T�H�M�/�y�r�)� �r�e�s�p�e�c�t�i�v�e�l�y�.� �L�i�s�t�e�d� �i�n� �T�a�b�l�e� �4�.�7� �i�s� �t�h�e� 

�r�e�p�r�o�c�e�s�s�i�n�g� �p�l�a�n�t� �c�a�p�a�c�i�t�y� �s�c�h�e�d�u�l�e�.� �A�s�s�u�m�i�n�g� �t�h�e� �s�e�q�u�e�n�c�e� �o�f� 

�r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �a�d�d�i�t�i�o�n�s� �o�v�e�r� �t�i�m�e� �r�e�m�a�i�n�s� �t�h�e� �s�a�m�e� �f�o�r� �a�l�l� 

�s�c�e�n�a�r�i�o�s�,� �t�h�e� �d�i�f�f�e�r�e�n�t� �s�c�e�n�a�r�i�o�s� �t�o� �b�e� �e�x�a�m�i�n�e�d� �d�i�f�f�e�r� �o�n�l�y� �b�y� 

�t�h�e� �s�t�a�r�t�-�u�p� �d�a�t�e� �o�f� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �a�c�t�i�v�i�t�y�.� �U�n�d�e�r� �t�h�i�s� �a�s�s�u�m�p�-� 

�t�i�o�n�,� �t�h�e� �t�h�r�e�e� �r�e�p�r�o�c�e�s�s�i�n�g� �s�c�e�n�a�r�i�o�s� �t�o� �b�e� �e�x�a�m�i�n�e�d� �a�r�e� �p�r�e�s�e�n�t�e�d� �i�n� 

�T�a�b�l�e�s� �4�.�8� �t�h�r�o�u�g�h� �4�.�1�0� �b�a�s�e�d� �u�p�o�n� �r�e�a�c�t�o�r� �m�i�x�.� �T�h�e�s�e� �p�r�o�j�e�c�t�i�o�n�s� �a�r�e� 

�c�o�m�p�a�r�e�d� �t�o� �a� �r�e�c�e�n�t� �i�n�d�e�p�e�n�d�e�n�t� �s�t�u�d�y� �+�?� �a�n�d� �p�r�o�v�e� �t�o� �b�e� �c�o�n�s�e�r�v�a�t�i�v�e� 

�b�y� �a�n� �a�v�e�r�a�g�e� �d�i�f�f�e�r�e�n�c�e� �o�f� �7� �p�e�r� �c�e�n�t�.� 

�T�o� �e�s�t�a�b�l�i�s�h� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �d�e�m�a�n�d� �r�a�t�e�,� �i�n� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� 

�p�e�r� �y�e�a�r�,� �f�o�r� �a� �p�a�r�t�i�c�u�l�a�r� �s�y�s�t�e�m�,� �t�h�e� �d�i�s�c�h�a�r�g�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�s�p�e�n�t�~�f�u�e�l� �f�r�o�m� �T�a�b�l�e� �4�.�2� �a�r�e� �u�t�i�l�i�z�e�d�.� �U�s�i�n�g� �a�v�e�r�a�g�e� �h�e�a�v�y� �m�e�t�a�l� 

�d�i�s�c�h�a�r�g�e� �q�u�a�n�t�i�t�i�e�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �s�y�s�t�e�m�s�,� �t�h�e� �u�n�i�t� �r�e�a�c�t�o�r



�T�a�b�l�e� �4�.�7�.� 
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�R�e�p�r�o�c�e�s�s�i�n�g� �P�l�a�n�t� �C�a�p�a�c�i�t�y� �S�c�h�e�d�u�l�e� 

�C�a�p�a�c�i�t�y� �- �� �M�T�H�M� 

�Y�e�a�r� �A�G�N�S� �N�F�S� �E�x�x�o�n� �4�t�h� �P�l�a�n�t� 

�1�9�7�7� �-� �~� �=� �-� 

�1�9�7�8� �-� �-� �-� �-� 

�1�9�7�9� �5�0�0� �=� �-� �-� 

�1�9�8�0� �1�0�0�0� �-� �~� �-� 

�1�9�8�1� �1�5�0�0� �-� �~� �-� 

�1�9�8�2� �|� �1�5�0�0� �-� �~� �-� 

�1�9�8�3� �1�5�0�0� �2�5�0� �~� �-� 

�1�9�8�4� �1�5�0�0� �5�0�0� �-� �-� 

�1�9�8�5� �1�5�0�0� �7�5�0� �7�5�0� �-� 

�1�9�8�6� �1�5�0�0� �7�5�0� �1�4�0�0� �-� 

�1�9�8�7� �1�5�0�0� �7�5�0� �2�0�0�0� �7�5�0� 

�1�9�8�8� �1�5�0�0� �7�5�0� �2�0�0�0� �1�4�0�0� 

�1�9�8�9� �1�5�0�0� �7�5�0� �2�0�0�0� �2�0�0�0� 

�1�9�9�0� �1�5�0�0� �7�5�0� �2�0�0�0� �2�0�0�0� 

�1�9�9�1� �1�5�0�0� �7�5�0� �2�0�0�0� �2�0�0�0� 

�1�9�9�7� �1�5�0�0� �7�5�0� �2�0�0�0� �2�0�0�0� � � � � � � � � � � � � � 
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�T�a�b�l�e� �4�.�8�.� �R�e�p�r�o�c�e�s�s�i�n�g� �C�a�p�a�b�i�l�i�t�y� �-� �O�p�t�i�m�i�s�t�i�c� �S�c�e�n�a�r�i�o� 

�(�M�T�U�)� 

�Y�e�a�r� �T�o�t�a�l� �B�W�R� �P�W�R� �Y�e�a�r� �T�o�t�a�l� �B�W�R� �P�W�R� 

�1�9�7�7� �0� �0� �0� �1�9�8�8� �5�6�5�0� �1�8�8�3� �3�7�6�7� 

�1�9�7�8� �0� �0� �0� �1�9�8�9� �6�2�5�0� �2�0�8�3� �4�1�6�7� 

�1�9�7�9� �5�0�0� �1�6�7� �3�3�3� �1�9�9�0� �6�2�5�0� �2�0�8�3� �4�1�6�7� 

�1�9�8�0� �1�0�0�0� �3�3�3�.� �6�6�7� �1�9�9�1� �6�2�5�0� �2�0�8�3� �4�1�6�7� 

�1�9�8�1� �1�5�0�0� �5�0�0� �1�0�0�0� �1�9�9�2� �6�2�5�0� �2�0�8�3� �4�1�6�7� 

�1�9�8�2� �1�5�0�0� �5�0�0� �1�0�0�0� �1�9�9�3� �6�2�5�0� �2�0�8�3� �4�1�6�7� 

�1�9�8�3� �1�7�5�0� �5�8�3� �1�1�6�7� �1�9�9�4� �6�2�5�0� �2�0�8�3� �4�1�6�7� 
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�d�i�s�c�h�a�r�g�e� �d�e�m�a�n�d�s� �a�r�e� �e�s�t�a�b�l�i�s�h�e�d�.� �T�h�e�s�e� �d�e�m�a�n�d�s�,� �i�n� �t�e�r�m�s� �o�f� 

�n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �d�e�m�a�n�d�e�d� �p�e�r� �y�e�a�r�,� �a�r�e� �r�e�p�r�e�s�e�n�t�e�d� �i�n� �F�i�g�u�r�e�s� 

�4�.�1� �t�h�r�o�u�g�h� �4�.�4� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �s�y�s�t�e�m�s� �u�n�d�e�r� �e�x�a�m�i�n�a�t�i�o�n�.� �B�y� 

�p�l�o�t�t�i�n�g� �t�h�e� �a�n�n�u�a�l� �d�i�s�c�h�a�r�g�e�,� �a�s� �l�o�n�g� �a�s� �t�h�e� �d�e�m�a�n�d� �c�u�r�v�e�s� �r�e�m�a�i�n� 

�b�e�l�o�w� �t�h�i�s� �r�a�t�e�,� �t�h�e�r�e� �i�s� �a�l�w�a�y�s� �a� �b�a�c�k�l�o�g� �o�f� �s�p�e�n�t�-�f�u�e�l�.� �W�h�e�n� �t�h�e� 

�y�e�a�r�l�y� �r�a�t�e� �o�f� �d�e�m�a�n�d� �e�x�c�e�e�d�s� �t�h�e� �a�n�n�u�a�l� �d�i�s�c�h�a�r�g�e�,� �t�h�e� �b�a�c�k�l�o�g� 

�b�e�g�i�n�s� �t�o� �r�e�d�u�c�e�,� �w�i�t�h� �t�h�e� �p�o�s�s�i�b�i�l�i�t�y� �o�f� �c�o�n�s�u�m�i�n�g� �t�h�e� �e�n�t�i�r�e� 

�b�a�c�k�l�o�g� �u�n�t�i�l� �t�h�e� �s�u�p�p�l�y� �e�q�u�a�l�s� �d�e�m�a�n�d�.� �F�o�r� �p�u�r�p�o�s�e�s� �o�f� �s�e�n�s�i�t�i�v�i�t�y� 

�a�n�a�l�y�s�e�s�,� �t�h�e� �p�r�o�j�e�c�t�e�d� �d�e�m�a�n�d� �r�a�t�e�s� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �s�c�e�n�a�r�i�o�s� �e�x�-� 

�a�m�i�n�e�d� �a�r�e� �v�a�r�i�e�d� �b�y� �+�1�5�2� �a�n�d� �+�3�0�%� �f�r�o�m� �t�h�e� �b�a�s�e� �p�r�o�j�e�c�t�i�o�n�s�.� �T�h�e�s�e� 

�d�e�m�a�n�d� �p�r�o�f�i�l�e�s� �a�r�e� �a�l�s�o� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �f�i�g�u�r�e�s�.� �|� 

�T�h�e� �r�e�m�a�i�n�i�n�g� �e�l�e�m�e�n�t�s� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �w�i�t�h�d�r�a�w�a�l� �m�o�d�e�l� �t�o� �b�e� 

�d�e�t�e�r�m�i�n�e�d� �a�r�e� �t�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s�.� �T�h�e�i�r� �d�e�r�i�v�a�t�i�o�n� �i�s� �d�i�s�c�u�s�s�e�d� 

�i�n� �t�h�e� �n�e�x�t� �s�e�c�t�i�o�n�.� 

�C�.� �T�h�e� �M�e�a�s�u�r�e� �o�f� �E�f�f�e�c�t�i�v�e�n�e�s�s� �-� �P�r�o�f�i�t�a�b�i�l�i�t�y� �p�e�r� �A�s�s�e�m�b�l�y� 

�1�.� �I�n�d�e�p�e�n�d�e�n�t� �V�a�l�u�e� �C�o�m�p�o�n�e�n�t�s� 

�T�h�e� �c�h�o�i�c�e� �o�f� �a�n� �o�p�t�i�m�a�l� �w�i�t�h�d�r�a�w�a�l� �p�o�l�i�c�y� �f�o�r� �s�p�e�n�t� �n�u�c�l�e�a�r� �f�u�e�l� 

�r�e�s�t�s� �p�r�i�m�a�r�i�l�y� �w�i�t�h� �t�h�e� �e�c�o�n�o�m�i�c�s� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l�.� �S�p�e�n�t�-�f�u�e�l� �m�a�y� 

�b�e� �c�o�n�s�i�d�e�r�e�d� �a�s� �a� �"�m�i�n�e�r�a�l�"� �w�h�i�c�h� �c�a�n� �b�e� �"�m�i�n�e�d�"� �(�r�e�p�r�o�c�e�s�s�e�d�)� �t�o� 

�r�e�c�o�v�e�r� �t�h�e� �u�n�u�s�e�d� �n�u�c�l�e�a�r� �f�u�e�l�.�2�°� �A� �m�e�a�s�u�r�e� �o�f� �t�h�e� �n�e�t� �v�a�l�u�e� �o�f� 

�u�n�r�e�p�r�o�c�e�s�s�e�d� �f�u�e�l� �i�s� �g�i�v�e�n� �b�y� �e�q�u�a�t�i�o�n� �4�.�2�1�7� �w�h�e�r�e� 

�N�e�t� �V�a�l�u�e� �=� �U� �V�a�l�u�e� �+� �P�u� �V�a�l�u�e� �-� �F�u�e�l� �S�t�o�r�a�g�e� �C�o�s�t�s� 

�~� �R�e�p�r�o�c�e�s�s�i�n�g� �C�o�s�t�s� �-� �W�a�s�t�e� �D�i�s�p�o�s�a�l� �C�o�s�t�s� �(�4�.�2�)
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�O�f� �t�h�e� �f�i�v�e� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �v�a�l�u�e� �o�f� �s�p�e�n�t�-�f�u�e�l�,� �o�n�l�y� �t�h�r�e�e� �c�o�m�p�o�n�e�n�t�s� 

�h�a�v�e� �b�e�e�n� �e�s�t�a�b�l�i�s�h�e�d� �w�i�t�h� �r�e�a�s�o�n�a�b�l�e� �a�s�s�u�r�a�n�c�e� �a�n�d� �v�a�l�i�d�i�t�y�.� �S�p�e�c�i�-� 

�f�i�c�a�l�l�y�,� �u�r�a�n�i�u�m� �v�a�l�u�e�,� �p�l�u�t�o�n�i�u�m� �v�a�l�u�e�,� �a�n�d� �s�t�o�r�a�g�e� �c�o�s�t�s� �h�a�v�e� �b�e�e�n� 

�s�t�u�d�i�e�d�»� �1�9� �5�1�7� �a�n�a� �p�r�i�c�i�n�g� �m�e�t�h�o�d�s� �e�s�t�a�b�l�i�s�h�e�d�;� �w�h�e�r�e�a�s�,� �d�u�e� �t�o� 

�t�h�e� �u�n�c�e�r�t�a�i�n�t�i�e�s� �s�u�r�r�o�u�n�d�i�n�g� �t�h�e� �b�a�c�k� �e�n�d� �o�f� �t�h�e� �f�u�e�l� �c�y�c�l�e�,� �r�e�p�r�o�-� 

�c�e�s�s�i�n�g� �a�n�d� �w�a�s�t�e� �d�i�s�p�o�s�a�l� �c�o�s�t�s� �a�r�e� �d�e�b�a�t�e�a�b�l�e� �a�n�d� �u�n�c�e�r�t�a�i�n�.� 

�W�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �q�u�e�s�t�i�o�n� �o�f� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �a�l�t�e�r�n�a�t�i�v�e�,� �i�t� 

�i�s� �t�o� �b�e� �n�o�t�e�d� �t�h�a�t� �c�e�r�t�a�i�n� �c�o�s�t�s� �m�u�s�t� �b�e� �m�e�t� �i�f� �a� �p�r�o�f�i�t� �i�s� �t�o� �b�e� �|� 

�r�e�a�l�i�z�e�d�.� �T�h�i�s� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �t�r�u�e� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �a�n�d� �w�a�s�t�e� �d�i�s�p�o�s�a�l� 

�c�o�s�t�s�.� �T�h�e�s�e� �t�w�o� �c�o�m�p�o�n�e�n�t�s� �o�f� �t�h�e� �v�a�l�u�e� �e�q�u�a�t�i�o�n� �(�4�.�1�)� �a�r�e� �c�o�s�t�s� �t�o� 

�b�e� �i�n�c�u�r�r�e�d� �i�f� �a�n�y� �m�e�a�s�u�r�e� �o�f� �p�r�o�f�i�t�a�b�i�l�i�t�y� �i�s� �t�o� �b�e� �r�e�a�l�i�z�e�d�.� �T�h�e�r�e�-� 

�f�o�r�e�,� �w�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �e�s�t�a�b�l�i�s�h�i�n�g� �o�f� �a�n� �e�c�o�n�o�m�i�c� �m�e�a�s�u�r�e� �o�f� 

�e�f�f�e�c�t�i�v�e�n�e�s�s�,� �t�h�e�s�e� �c�o�s�t�s� �d�o� �n�o�t� �h�a�v�e� �t�o� �b�e� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �p�r�o�f�i�t�-� 

�a�b�i�l�i�t�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �f�o�r� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� �p�r�o�b�l�e�m�.� 

�A�s� �a� �r�e�s�u�l�t�,� �e�q�u�a�t�i�o�n� �4�.�2� �i�s� �r�e�d�e�f�i�n�e�d� �t�o� �r�e�f�l�e�c�t� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� 

�p�e�r� �a�s�s�e�m�b�l�y� �i�n� �t�e�r�m�s� �o�f� �t�h�e� �t�i�m�e� �a�n�d� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �d�e�p�e�n�d�e�n�t� �c�o�s�t�s�.� 

�T�h�u�s� �e�q�u�a�t�i�o�n� �4�.�2� �b�e�c�o�m�e�s�:� 

�P�r�o�f�i�t�a�b�i�l�i�t�y�|� �_� �[�U� �V�a�l�u�e� �P�e�r�]� �4�+� �|�P�u� �V�a�l�u�e� �_� �|�S�t�o�r�a�g�e� �C�o�s�t�s�i�r�4� �.� �3�)� 
�P�e�r� �A�s�s�e�m�b�l�y� �|�.� �A�s�s�e�m�b�l�y� �P�e�r� �A�s�s�e�m�b�l�y� �P�e�r� �A�s�s�e�m�b�l�y� 

�W�h�e�n� �e�a�c�h� �o�f� �t�h�e�s�e� �p�a�r�a�m�e�t�e�r�s� �a�r�e� �t�a�k�e�n� �i�n�t�o� �c�o�n�s�i�d�e�r�a�t�i�o�n�,� �t�h�e� 

�s�a�l�v�a�g�e� �v�a�l�u�e� �o�f� �t�h�e� �s�p�e�n�t�~�f�u�e�l� �i�s� �u�t�i�l�i�z�e�d� �a�s� �t�h�e� �m�e�a�s�u�r�e� �o�f� �t�h�e� 

�e�f�f�e�c�t�i�v�e� �e�c�o�n�o�m�i�c� �g�a�i�n�.� �T�h�u�s�,� �t�h�e� �b�a�s�i�s� �f�o�r� �t�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s� �o�f� 

�t�h�e� �m�o�d�e�l�s� �d�e�r�i�v�e�d� �i�s� �t�h�a�t� �g�i�v�e�n� �a�b�o�v�e� �b�y� �e�q�u�a�t�i�o�n� �4�.�3�.� 

�2�.� �U�r�a�n�i�u�m� �V�a�l�u�e� �o�f� �S�p�e�n�t�-�F�u�e�l



�6�9� 

�T�h�e� �u�r�a�n�i�u�m� �r�e�c�o�v�e�r�e�d� �i�n� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �f�a�c�i�l�i�t�y� �c�a�n� �b�e� �r�e�c�y�c�l�e�d� 

�i�n�t�o� �t�h�e� �f�e�e�d� �s�t�e�a�m� �o�f� �t�h�e� �n�u�c�l�e�a�r� �f�u�e�l� �c�y�c�l�e�.� �S�i�n�c�e� �t�h�e� �d�i�s�c�h�a�r�g�e�d� 

�f�u�e�l� �f�r�o�m� �t�h�e� �o�p�e�r�a�t�i�n�g� �l�i�g�h�t� �w�a�t�e�r� �r�e�a�c�t�o�r�s� �u�n�d�e�r� �e�q�u�i�l�i�b�r�i�u�m� 

�c�o�n�d�i�t�i�o�n�s� �c�o�n�t�a�i�n�s� �f�i�s�s�i�l�e� �u�r�a�n�i�u�m� �(�U�-�2�3�5�)� �t�h�a�t� �i�s� �h�i�g�h�e�r� �i�n� �c�o�n�c�e�n�-� 

�t�r�a�t�i�o�n� �t�h�a�n� �t�h�a�t� �o�f� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m�,� �u�s�e� �o�f� �s�p�e�n�t�-�f�u�e�l� �p�r�o�v�i�d�e�s� �a� 

�s�a�v�i�n�g�s� �i�n� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m� �f�e�e�d� �a�n�d� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k�.� 

�T�h�e� �p�o�t�e�n�t�i�a�l� �s�a�v�i�n�g�s� �i�n� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m� �f�e�e�d� �a�n�d� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� 

�a�r�e� �p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �t�h�e� �p�r�i�c�e� �o�f� �t�h�e� �e�n�r�i�c�h�e�d� �p�r�o�d�u�c�t� �f�r�o�m� �t�h�e� �e�n�r�i�c�h�-� 

�m�e�n�t� �p�l�a�n�t�.� �E�n�r�i�c�h�m�e�n�t� �e�x�p�e�n�s�e�s� �i�n� �a� �g�a�s�e�o�u�s� �d�i�f�f�u�s�i�o�n� �p�l�a�n�t� �a�r�e� 

�p�r�o�p�o�r�t�i�o�n�a�l� �t�o� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k�,� �w�h�o�s�e� �c�o�s�t� �r�e�f�l�e�c�t�s� �e�n�e�r�g�y� �c�o�n�s�u�m�p�t�i�o�n� 

�n�e�e�d�e�d� �t�o� �p�r�o�d�u�c�e� �e�n�r�i�c�h�e�d� �u�r�a�n�i�u�m�.� �U�p�o�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �g�a�s�e�o�u�s� 

�d�i�f�f�u�s�i�o�n� �c�a�s�c�a�d�e�,� �?�4�t� �t�h�i�s� �v�a�l�u�e� �o�f� �t�h�e� �e�n�r�i�c�h�e�d� �u�r�a�n�i�u�m� �p�r�o�d�u�c�t� �b�a�s�e�d� 

�u�p�o�n� �t�h�e� �u�n�i�t� �c�o�s�t� �o�f� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �a�n�d� �t�h�e� �u�n�i�t� �c�o�s�t� �o�f� �n�a�t�u�r�a�l� 

�u�r�a�n�i�u�m� �f�e�e�d� �i�s� �g�i�v�e�n� �b�y�:� 

�D� �=� �C�.�{�(�2�x�.�-�1�)� �g�n� �_�_ ��P�_� �~� �(�2�x� �~�1�)�£�n�_�7�*�w�_�_� �+� 
�S�s� �P� �1�-�x�p� �~�K�y� 

� � 

�_�*�p�7�*�w�_� �(�(�2�x�,�-�1�)� �Q�n�  ��w�o�e� �(�2�x�_�-�1�)� �a�n� �f�y�}� 
�E�y� �I�x�,� �I�K� 

�+� �C�,� �*�p�7�*�w� �(�4�.�4�)� 
�K�p� �K�y� 

�w�h�e�r�e� 

�D� �=� �p�r�i�c�e� �o�f� �t�h�e� �e�n�r�i�c�h�e�d� �p�r�o�d�u�c�t�,� �$�/�k�g�;� 

�C�s�=� �u�n�i�t� �c�o�s�t� �o�f� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k�,� �$�/�k�g�;



�7�0� 

�C�y� �=� �u�n�i�t� �c�o�s�t� �o�f� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m� �f�e�e�d�,� �$�/�k�g�;� 

�x�.� �=� �a�s�s�a�y� �o�f� �u�r�a�n�i�u�m�-�2�3�5� �i�n� �t�h�e� �e�n�r�i�c�h�e�d� �p�r�o�d�u�c�t� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n�;� 

�X�-� �=� �a�s�s�a�y� �o�f� �u�r�a�n�i�u�m�-�2�3�5� �i�n� �t�h�e� �f�e�e�d� �s�t�r�e�a�m�,� �w�e�i�g�h�t� �f�r�a�c�t�i�o�n�;� �a�n�d� 

�x� �=� �a�s�s�a�y� �o�f� �u�r�a�n�i�u�m�-�2�3�5� �i�n� �t�h�e� �d�i�f�f�u�s�i�o�n� �p�l�a�n�t� �t�a�i�l�s�,� �w�e�i�g�h�t� 

�f�r�a�c�t�i�o�n�.� 

�A�l�s�o� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �o�r�i�g�i�n�a�l� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �d�i�f�f�u�s�i�o�n� �p�l�a�n�t� �c�a�s�c�a�d�e� 

�f�o�r� �t�h�e� �e�n�r�i�c�h�e�d� �p�r�o�d�u�c�t� �i�s� �a� �u�n�i�t� �c�o�s�t� �a�s�s�i�g�n�e�d� �t�o� �t�h�e� �d�i�f�f�u�s�i�o�n� �t�a�i�l�s�.� 

�A�t� �p�r�e�s�e�n�t�,� �n�o� �v�a�l�u�e� �i�s� �a�s�s�i�g�n�e�d� �t�o� �t�h�e� �t�a�i�l�s� �a�n�d� �a�s� �a� �r�e�s�u�l�t�,� �i�t� �i�s� �©� 

�n�o�t� �i�n�c�l�u�d�e�d� �i�n� �e�q�u�a�t�i�o�n� �4�.�4�.� 

�U�t�i�l�i�z�i�n�g� �t�h�e� �d�i�s�c�h�a�r�g�e� �a�s�s�a�y�s� �o�f� �t�h�e� �s�p�e�n�t� �n�u�c�l�e�a�r� �f�u�e�l� �f�o�r� �t�h�e� 

�P�W�R� �a�n�d� �B�W�R� �s�y�s�t�e�m�s� �g�i�v�e�n� �i�n� �T�a�b�l�e� �4�.�1�,� �t�h�e� �u�r�a�n�i�u�m�-�v�a�l�u�e� �e�q�u�a�t�i�o�n�s� 

�a�r�e� �e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �t�h�e� �i�n�t�i�a�l�-� �a�n�d� �e�q�u�i�l�i�b�r�i�u�m�-�c�o�r�e� �d�i�s�c�h�a�r�g�e�s�.� �T�h�e� 

�u�r�a�n�i�u�m�-�v�a�l�u�e� �e�q�u�a�t�i�o�n�s� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �o�n� �t�h�e� �b�a�s�i�s� �o�f� �a�n� �e�n�r�i�c�h�m�e�n�t� 

�p�l�a�n�t� �t�a�i�l�s� �a�s�s�a�y� �o�f� �0�.�3�0�4� �a�n�d� �t�h�e� �p�r�o�d�u�c�t� �e�n�r�i�c�h�m�e�n�t� �b�e�i�n�g� �t�h�e� �s�p�e�n�t�-� 

�f�u�e�l� �a�s�s�a�y�.� �B�y� �s�u�b�s�t�i�t�u�t�i�n�g� �t�h�i�s� �d�a�t�a� �i�n�t�o� �e�q�u�a�t�i�o�n� �4�.�4�,� �t�h�e� �v�a�l�u�e� �o�f� 

�r�e�c�o�v�e�r�e�d� �u�r�a�n�i�u�m� �f�o�r� �t�h�e� �i�n�i�t�i�a�l� �c�o�r�e� �d�i�s�c�h�a�r�g�e� �i�s� �g�i�v�e�n� �b�y�:� 

�1�.� �B�W�R� 

�D�=� �(�0�.�1�2�3�9�7�)�C�_� �+� �(�1�.�3�6�2�5�3�)�C�e�-� �C�o� �(�4�.�5�)� 

�2�.� �P�W�R� 

�D� �=� �(�0�.�1�1�4�5�6�)�C�_� �+� �(�1�.�3�3�8�2�0�)�C�,� �-� �C�,� �(�4�.�6�)� 

�a�r�e� �f�o�r� �t�h�e� �e�q�u�i�l�i�b�r�i�u�m� �c�o�r�e� �d�i�s�c�h�a�r�g�e�s�,� �t�h�e� �v�a�l�u�e� �o�f� �r�e�c�o�v�e�r�e�d� �u�r�a�n�i�u�m� 

�i�s� �g�i�v�e�n� �b�y�:



�7�1� 

�1�.� �B�W�R� 

�D�=� �(�0�.�1�0�5�2�9�)�C�.� �+� �(�1�.�3�1�3�8�7�)�C�,� �=� �C�c�.� �(�4�.�7�)� 

�2�.� �P�W�R� 

�D�=� �(�0�.�0�8�7�1�9�)�C�_� �+� �(�1�.�2�6�5�2�1�)�C�.� �-� �C�c�.� �(�4�.�8�)� 

�w�h�e�r�e� �C�,� �i�s� �a�d�d�e�d� �t�o� �r�e�p�r�e�s�e�n�t� �t�h�e� �u�n�i�t� �c�o�s�t� �o�f� �c�o�n�v�e�r�s�i�o�n� �o�f� �u�r�a�n�i�u�m� 

�t�o� �U�F�¢� �g�a�s�.� 

�T�h�e�s�e� �v�a�l�u�e� �e�q�u�a�t�i�o�n�s� �c�a�n� �b�e� �i�n�t�e�r�p�r�e�t�e�d� �t�o� �i�n�d�i�c�a�t�e� �(�u�s�i�n�g� 

�e�q�u�a�t�i�o�n� �4�.�5�)� �t�h�a�t� �o�n�e� �u�n�i�t� �o�f� �r�e�c�o�v�e�r�e�d� �u�r�a�n�i�u�m� �c�a�n� �s�e�r�v�e� �t�o� �r�e�d�u�c�e� 

�t�h�e� �f�r�o�n�t� �e�n�d� �r�e�q�u�i�r�e�m�e�n�t� �f�o�r� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m� �b�y� �1�.�3�6� �u�n�i�t�s� �a�n�d� �f�o�r� 

�s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �b�y� �0�.�1�2�4� �u�n�i�t�s�.� �S�i�m�i�l�a�r� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �c�a�n� �b�e� �a�p�p�l�i�e�d� 

�t�o� �e�q�u�a�t�i�o�n�s� �4�.�6�-�4�.�8�.� �F�o�r�m�u�l�a�s� �4�.�5�~�-�4�.�8� �c�o�r�r�e�c�t�e�d� �f�o�r� �l�o�s�s�e�s� �d�u�r�i�n�g� 

�r�e�p�r�o�c�e�s�s�i�n�g� �a�n�d� �f�a�b�r�i�c�a�t�i�o�n� �a�r�e� �r�e�w�r�i�t�t�e�n� �a�s�:� 

�D� �=� �{�(�0�.�1�2�3�9�7�)�C�,� �+� �(�1�.�3�6�2�5�3�)�C�,� �-� �C�,�}�{�1� �-� �n�y�-� �n�o�}� �(�4�.�9�)� 

�D� �=� �£�(�0�.�1�1�4�5�6�)�¢�,� �+� �(�1�.�3�3�8�2�0�)�C�,� �-� �C�,�H�1�-� �n�,� �-� �n�o�}� �(�4�.�1�0�)� 

�D�=� �{�(�0�.�1�0�5�2�9�)�C�.� �+� �(�1�.�3�1�3�8�7�)�C�,� �-� �C�H�I� �-�1� �7� �N�o�}� �(�4�.�1�1�)� 

�D� �=� �{�(�0�.�0�8�7�1�9�)�C�_� �+� �(�1�.�2�6�5�2�1�)�c�,� �-� �C� �H�l� �-� �n�y� �-� �n�o�}� �(�4�.�1�2�)� 

�w�h�e�r�e� 

�n�y� �=� �l�o�s�s� �d�u�r�i�n�g� �r�e�p�r�o�c�e�s�s�i�n�g�! �� �(�=�0�.�0�0�5�)� 

�7� �=� �l�o�s�s� �d�u�r�i�n�g� �f�a�b�r�i�c�a�t�i�o�n�! �� �(�#�0� �.�0�0�3�)� 

�A� �r�e�d�u�c�t�i�o�n� �i�n� �u�r�a�n�i�u�m� �v�a�l�u�e� �i�s� �n�o�t�e�d� �b�e�t�w�e�e�n� �t�h�e� �i�n�i�t�i�a�l�-� �a�n�d



�7�2� 

�e�q�u�i�l�i�b�r�i�u�m�-�c�o�r�e� �d�i�s�c�h�a�r�g�e�s� �d�u�e� �t�o� �h�i�g�h�e�r� �b�u�r�n�u�p�s� �w�h�i�c�h� �r�e�s�u�l�t� �i�n� �a� 

�g�r�e�a�t�e�r� �u�t�i�l�i�z�a�t�i�o�n� �o�f� �t�h�e� �f�i�s�s�i�l�e� �U�-�2�3�5�.� 

�F�r�o�m� �t�h�e� �f�o�r�m�u�l�a�s� �d�e�r�i�v�e�d�,� �i�t� �i�s� �s�h�o�w�n� �t�h�a�t� �t�h�e� �v�a�l�u�e�s� �o�f� �r�e�c�o�v�e�r�e�d� 

�u�r�a�n�i�u�m� �f�r�o�m� �s�p�e�n�t�-�f�u�e�l� �i�s� �r�e�l�a�t�e�d� �t�o� �t�h�e� �p�r�i�c�e�s� �o�f� �u�r�a�n�i�u�m� �a�n�d� �s�e�p�a�-� 

�r�a�t�i�v�e� �w�o�r�k� �l�e�s�s� �t�h�e� �c�o�n�v�e�r�s�i�o�n� �c�o�s�t�s�.� �T�h�e� �p�r�i�c�e� �o�f� �u�r�a�n�i�u�m� �i�s� �i�n�-� 

�f�l�u�e�n�c�e�d� �b�y� �t�h�e� �u�r�a�n�i�u�m� �m�a�r�k�e�t�,� �b�u�t� �e�v�e�n�t�u�a�l�l�y� �t�h�e� �p�r�i�c�e� �d�e�p�e�n�d�s� �o�n� 

�t�h�e� �b�a�l�a�n�c�e�:� �b�e�t�w�e�e�n� �s�u�p�p�l�y� �a�n�d� �d�e�m�a�n�d�.� �P�r�o�j�e�c�t�i�o�n�s� �m�a�d�e� �b�y� �t�h�e� �E�n�e�r�g�y� 

�R�e�s�e�a�r�c�h� �a�n�d� �D�e�v�e�l�o�p�m�e�n�t� �A�d�m�i�n�i�s�t�r�a�t�i�o�n�?� �i�n�d�i�c�a�t�e� �t�h�a�t� �a�s� �t�h�e� �c�u�m�u�l�a�t�i�v�e� 

�p�r�o�d�u�c�t�i�o�n� �o�f� �U�,�0�g� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �u�r�a�n�i�u�m� �w�i�l�l� �a�l�s�o� 

�i�n�c�r�e�a�s�e�.� �T�h�i�s� �p�r�o�j�e�c�t�i�o�n� �r�e�s�u�l�t�s� �a�p�p�r�o�x�i�m�a�t�e�l�y� �i�n� �a�n� �1�8�%� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �p�r�i�c�e� �o�f� �U�,�0�g� �a�s� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �p�r�o�d�u�c�t�i�o�n� �i�n�c�r�e�a�s�e�s� �b�y� �o�n�e� �m�i�l�l�i�o�n� 

�s�h�o�r�t� �t�o�n�s�.� �C�o�r�r�e�l�a�t�i�n�g� �t�h�i�s� �p�r�o�j�e�c�t�i�o�n� �w�i�t�h� �a� �h�i�s�t�o�r�i�c�a�l� �a�n�a�l�y�s�i�s� �o�f� 

�t�h�e� �u�r�a�n�i�u�m� �m�i�n�i�n�g� �i�n�d�u�s�t�r�y� �b�y� �L�i�e�b�e�r�m�a�n�n�,�?� �t�h�e� �p�r�i�c�e� �o�f� �u�r�a�n�i�u�m� �i�s� 

�p�r�o�j�e�c�t�e�d� �t�o� �i�n�c�r�e�a�s�e� �a�t� �a�n� �a�v�e�r�a�g�e� �r�a�t�e� �o�f� �5�.�5�%� �p�e�r� �y�e�a�r�.� �T�h�i�s� 

�a�v�e�r�a�g�e� �r�a�t�e� �i�s� �d�e�t�e�r�m�i�n�e�d� �b�a�s�e�d� �u�p�o�n� �p�r�o�v�e�n� �r�e�s�e�r�v�e�s� �c�f� �l�e�s�s� �t�h�a�n� �$�3�0� 

�p�e�r� �p�o�u�n�d� �f�o�r�w�a�r�d� �c�o�s�t�.� �A� �s�t�u�d�y� �b�y� �V�o�l�t�i�n� �a�n�d� �D�r�a�p�e�r�!�!� �e�s�t�i�m�a�t�e�d� �t�h�a�t� 

�t�h�e� �r�a�t�e� �o�f� �u�r�a�n�i�u�m� �p�r�i�c�e� �i�n�c�r�e�a�s�e� �i�s� �r�e�d�u�c�e�d� �a�s� �m�o�r�e� �r�e�s�e�r�v�e�s� �a�r�e� 

�p�r�o�v�e�n� �a�n�d� �a�s� �i�n�t�e�r�n�a�t�i�o�n�a�l� �t�r�a�d�e� �i�n�c�r�e�a�s�e�s�;� �t�h�e� �r�a�t�e� �o�f� �5�.�5�2�%� �p�e�r� �y�e�a�r� 

�i�s� �e�f�f�e�c�t�i�v�e� �o�n�l�y� �t�h�r�o�u�g�h� �t�h�e� �y�e�a�r� �1�9�8�5�.� �A�f�t�e�r�w�a�r�d�s�,� �a�s� �a� �r�e�s�u�l�t� �o�f� 

�t�h�e� �i�n�c�r�e�a�s�e�d� �s�u�p�p�l�y�,� �t�h�e� �p�r�i�c�e� �i�s� �a�s�s�u�m�e�d� �t�o� �i�n�c�r�e�a�s�e� �a�t� �a� �r�e�d�u�c�e�d� 

�r�a�t�e� �o�f� �3�.�9�%� �p�e�r� �y�e�a�r�.�/�1� �i�t� �i�s� �f�o�r�e�c�a�s�t�e�d� �t�h�a�t� �t�h�e� �p�r�e�s�e�n�t� �U�3�0�g� �p�r�i�c�e� 

�o�f� �$�4�1� �p�e�r� �p�o�u�n�d�?�"� �i�n�c�r�e�a�s�e�s� �t�o� �$�6�3�.�6�6� �b�y� �1�9�8�5�,� �a�n�d� �r�e�a�c�h�e�s� �$�1�0�1�.�6�5� �b�y� 

�1�9�9�7�,� �T�h�e� �f�o�r�e�c�a�s�t�s� �o�f� �f�u�t�u�r�e� �u�r�a�n�i�u�m� �p�r�i�c�e�s� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� 

�4�.�1�1�.� 

�I�n� �t�h�e� �U�.�S�.� �t�o�d�a�y�,� �t�h�e� �o�n�l�y� �m�a�j�o�r� �s�u�p�p�l�i�e�r� �o�f� �e�n�r�i�c�h�m�e�n�t� �i�s� �t�h�e� 

�E�R�D�A� �d�i�f�f�u�s�i�o�n� �p�l�a�n�t� �c�o�m�p�l�e�x�.� �T�h�e� �d�i�f�f�u�s�i�o�n� �p�r�o�c�e�s�s� �i�s� �e�n�e�r�g�y
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�T�a�b�l�e� �4�.�1�1�.� �U�r�a�n�i�u�m� �P�r�i�c�e� �P�r�o�j�e�c�t�i�o�n�s� 

�P�r�i�c�e� �P�r�i�c�e� �|� �P�r�i�c�e� �P�r�i�c�e� 
�Y�e�a�r� �Y�e�a�r� 

�$�/�1�b� �U�0� �$�/�k�g� �U�3�0�2� �$�/�1�b� �U�3�0�2� �$�/�k�g� �U�3�0�8� 

�1�9�7�7� �4�1�.�0�0� �9�0�.�3�9� �1�9�8�8� �7�1�.�5�6� �1�5�7�.�7�7� 

�1�9�7�8� �4�3�.�3�2� �9�5�.�5�0� �1�9�8�9� �7�4�.�4�1� �1�6�4�.�0�4� 

�1�9�7�9� �4�5�.�7�7� �1�0�0�.�9�0� �1�9�9�0� �7�7�.�3�7� �1�2�0�.�5�7� 

�1�9�8�0� �4�8�.�3�6� �1�0�6�.�6�0� �1�9�9�1� �8�0�.�4�4� �1�7�7�.�3�5� 

�1�9�8�1� �5�1�.�0�9� �1�1�2�.�6�3� �1�9�9�2� �8�3�.�6�4� �1�8�4�.�4�0� 

�1�9�8�2� �5�3�.�9�8� �1�1�9�.�0�0� �1�9�9�3� �8�6�.�9�7� �1�9�1�.�7�4� 

�1�9�8�3� �5�7�.�0�3� �1�2�5�.�7�3� �1�9�9�4� �9�0�.�4�3� �1�9�7�.�3�6� 

�1�9�8�4� �6�0�.�2�5� �1�3�2�.�8�4� �1�9�9�5� �9�4�.�0�3� �2�0�7�.�2�9� 

�1�9�8�5� �6�3�.�6�6� �1�4�0�.�3�5� �1�9�9�6� �9�7�.�7�7� �2�1�5�.�5�4� 

�1�9�8�6� �6�6�.�1�9� �1�4�5�.�9�3� �1�9�9�7� �1�0�1�.�6�5� �2�2�4�.�1�1� 

�1�9�8�7� �6�8�.�8�3� �1�5�1�.�7�3� 
� � � 



�7�4� 

�i�n�t�e�n�s�i�v�e�;� �a�n�d� �a�s� �a� �r�e�s�u�l�t�,� �a� �s�h�a�r�p� �i�n�c�r�e�a�s�e� �f�r�o�m� �$�2�6� �p�e�r� �k�g� �o�f� �s�e�p�a�-� 

�a�t�i�v�e� �w�o�r�k� �f�o�r� �f�i�x�e�d�-�c�o�m�m�i�t�m�e�n�t� �c�o�n�t�r�a�c�t�s� �i�s� �p�r�o�j�e�c�t�e�d� �t�o� �e�s�c�a�l�a�t�e� �a�t� 

�1�.�4�%� �a�n�n�u�a�l�l�y� �b�y� �V�o�l�t�i�n� �a�n�d� �D�r�a�p�e�r� �i�n� �1�9�7�6�.�!�!� �T�h�i�s� �i�s� �t�o� �a�l�l�o�w� �f�o�r� �t�h�e� 

�i�n�c�r�e�a�s�e� �c�o�s�t�s� �d�u�e� �t�o� �t�h�e� �r�e�q�u�i�r�e�d� �e�n�e�r�g�y� �i�n�p�u�t� �p�e�r� �S�W�U�.� �T�h�e� �r�e�a�s�o�n� 

�t�h�a�t� �t�h�e� �e�s�c�a�l�a�t�i�o�n� �i�s� �n�o�t� �g�r�e�a�t�e�r� �a�f�t�e�r� �1�9�8�5�,� �w�h�e�n� �e�n�e�r�g�y� �c�o�s�t�s� �a�r�e� 

�e�x�p�e�c�t�e�d� �t�o� �r�i�s�e� �s�h�a�r�p�l�y�,� �i�s� �t�h�a�t� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �n�e�w� �t�e�c�h�n�o�l�o�g�y� 

�(�c�e�n�t�r�i�f�u�g�e�,� �n�o�z�z�l�e�,� �a�n�d�/�o�r� �l�a�s�e�r� �s�e�p�a�r�a�t�i�o�n�)� �w�i�l�l� �m�a�k�e� �a� �c�o�n�t�r�i�b�u�t�i�o�n� 

�t�o� �l�o�w�e�r�i�n�g� �c�o�s�t�s�.� �.� �H�o�w�e�v�e�r�,� �u�p�o�n� �c�o�m�p�a�r�i�s�o�n� �o�f� �t�h�i�s� �p�r�o�j�e�c�t�e�d� �r�a�t�e� 

�w�i�t�h� �r�e�c�e�n�t� �E�R�D�A� �p�r�o�j�e�c�t�i�o�n�s�,�»� �t�h�e� �e�s�t�i�m�a�t�e� �i�s� �c�h�a�n�g�e�d� �t�o� �a�n� �i�n�c�r�e�a�s�e� �o�f� 

�2�.�4�4� �a�n�n�u�a�l�l�y�,� �t�o� �m�o�r�e� �a�c�c�u�r�a�t�e�l�y� �r�e�f�l�e�c�t� �r�e�c�e�n�t� �t�r�e�n�d�s�.� �S�e�p�a�r�a�t�i�v�e� 

�w�o�r�k� �c�o�s�t� �p�r�o�j�e�c�t�i�o�n�s� �f�o�r� �t�h�e� �t�i�m�e� �f�r�a�m�e� �o�f� �t�h�i�s� �s�t�u�d�y� �a�r�e� �s�u�m�m�a�r�i�z�e�d� 

�i�n� �T�a�b�l�e� �4�.�1�2�.� �A�l�s�o� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� �w�o�r�k� �o�f� �V�o�l�t�i�n� �a�n�d� �D�r�a�p�e�r�,� �t�h�e� 

�c�o�n�v�e�r�s�i�o�n� �c�o�s�t�s� �a�r�e� �f�o�r�e�c�a�s�t� �t�o� �i�n�c�r�e�a�s�e� �b�y� �2�%� �p�e�r� �y�e�a�r� �f�r�o�m� �t�h�e� �1�9�7�7� 

�p�r�i�c�e� �o�f� �$�4�.�4�1� �p�e�r� �k�g�.�°� �T�a�b�l�e� �4�.�1�3� �p�r�e�s�e�n�t�s� �t�h�e� �f�o�r�e�c�a�s�t� �o�f� �u�r�a�n�i�u�m� 

�c�o�n�v�e�r�s�i�o�n� �(�t�o� �U�F� �¢� �g�a�s�)� �c�o�s�t�s�.� 

�3�.� �P�l�u�t�o�n�i�u�m� �V�a�l�u�e� 

�T�h�e� �v�a�l�u�e� �o�f� �t�h�e� �r�e�s�i�d�u�a�l� �p�l�u�t�o�n�i�u�m� �i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �i�s� �d�e�t�e�r�-� 

�m�i�n�e�d� �b�y� �t�h�e� �m�a�n�n�e�r� �i�n� �w�h�i�c�h� �p�l�u�t�o�n�i�u�m� �i�s� �u�s�e�d�.� �I�n� �o�r�d�e�r� �t�o� �e�s�t�a�b�l�i�s�h� 

�a� �v�a�l�u�e�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� �t�o� �d�i�s�t�i�n�g�u�i�s�h� �b�e�t�w�e�e�n� �p�l�u�t�o�n�i�u�m� �p�r�i�c�e� �a�n�d� 

�p�l�u�t�o�n�i�u�m� �v�a�l�u�e�.�?�°� �A� �"�u�s�e� �v�a�l�u�e�"� �i�s� �u�n�d�e�r�s�t�o�o�d� �t�o� �b�e� �t�h�e� �s�u�m� �o�f� �m�o�n�e�y� 

�p�a�i�d� �i�n� �o�r�d�e�r� �t�o� �u�s�e� �a� �c�o�m�m�o�d�i�t�y�.� �A� �"�m�a�r�k�e�t� �p�r�i�c�e�"� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� 

�b�a�l�a�n�c�e� �b�e�t�w�e�e�n� �s�u�p�p�l�y� �a�n�d� �d�e�m�a�n�d�.� �W�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �c�u�r�r�e�n�t� �s�t�a�n�d�-� 

�s�t�i�l�l� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�b�i�l�i�t�y� �i�n� �t�h�e� �U�.�S�.�,� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a� 

�f�i�r�m� �m�a�r�k�e�t� �p�r�i�c�e� �f�o�r� �p�l�u�t�o�n�i�u�m� �i�s� �i�m�p�r�a�c�t�i�c�a�l�.� 

�H�o�w�e�v�e�r�,� �f�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� �a�n� �a�r�t�i�f�i�c�i�a�l� �"�m�a�r�k�e�t�"� �i�s
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�e�s�t�a�b�l�i�s�h�e�d� �f�o�r� �p�l�u�t�o�n�i�u�m� �b�a�s�e�d� �u�p�o�n� �t�h�e� �u�s�e� �v�a�l�u�e� �(�l�i�m�i�t�i�n�g� �v�a�l�u�e� �f�o�r� 

�p�l�u�t�o�n�i�u�m� �i�n� �t�h�e� �p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t�)�.� �T�o� �d�e�f�i�n�e� �t�h�e� �u�s�e� �v�a�l�u�e�,� �i�t� �i�s� 

�n�e�c�e�s�s�a�r�y� �t�o� �k�n�o�w� �t�h�e� �t�e�c�h�n�i�c�a�l� �a�n�d� �e�c�o�n�o�m�i�c�a�l� �c�i�r�c�u�m�s�t�a�n�c�e�s� �o�f� 

�p�l�u�t�o�n�i�u�m� �u�t�i�l�i�z�a�t�i�o�n�.�2�?� �O�b�v�i�o�u�s�l�y�,� �t�h�e� �p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t�,� �w�h�e�n� �e�s�t�a�-� 

�b�l�i�s�h�e�d� �i�n� �t�h�i�s� �m�a�n�n�e�r�,� �i�s� �l�i�n�k�e�d� �w�i�t�h� �u�r�a�n�i�u�m� �a�n�d� �e�n�r�i�c�h�m�e�n�t� �s�e�r�v�i�c�e�s� 

�s�i�n�c�e� �i�f� �r�e�c�y�c�l�e�d�,� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �c�a�n� �r�e�p�l�a�c�e� �s�o�m�e� �U�-�2�3�5�.� 

�P�l�u�t�o�n�i�u�m� �g�e�n�e�r�a�t�e�d� �i�n� �l�i�g�h�t� �w�a�t�e�r� �r�e�a�c�t�o�r�s� �c�a�n� �b�e� �u�s�e�d� �i�n� �s�e�v�e�r�a�l� 

�d�i�f�f�e�r�e�n�t� �m�o�d�e�s�.� �A�m�o�n�g� �t�h�e� �u�t�i�l�i�z�a�t�i�o�n�s� �e�s�t�a�b�l�i�s�h�e�d� �a�r�e�:� �i�n�-�s�i�t�u� �(�t�h�e� 

�p�l�u�t�o�n�i�u�m�,� �w�h�e�n� �f�o�r�m�e�d� �i�n� �t�h�e� �r�e�a�c�t�o�r�,� �i�s� �c�o�n�s�u�m�e�d� �b�e�f�o�r�e� �r�e�c�y�c�l�e�)�,� 

�f�o�r� �r�e�c�y�c�l�e� �i�n� �L�W�R�'�s�,� �f�o�r� �t�h�e� �H�i�g�h� �T�e�m�p�e�r�a�t�u�r�e� �G�a�s� �C�o�o�l�e�d� �R�e�a�c�t�o�r� �b�a�s�e�d� 

�u�p�o�n� �p�l�u�t�o�n�i�u�m� �f�u�e�l� �d�e�s�i�g�n�,� �a�n�d� �f�o�r� �e�a�r�l�y� �f�u�e�l�i�n�g�s� �o�f� �t�h�e� �f�a�s�t� 

�2�5� �O�n�l�y� �l�i�g�h�t� �w�a�t�e�r� �r�e�a�c�t�o�r�s� �a�r�e� �e�x�p�e�c�t�e�d� �t�o� �c�o�n�t�r�i�b�u�t�e� �t�o� �b�r�e�e�d�e�r�s�.� 

�t�h�e� �n�u�c�l�e�a�r� �g�e�n�e�r�a�t�i�n�g� �c�a�p�a�c�i�t�y� �t�h�r�o�u�g�h� �t�h�e� �e�n�d� �o�f� �t�h�i�s� �c�e�n�t�u�r�y�.� �T�h�i�s� 

�i�s� �d�u�e� �t�o� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �f�i�r�m� �t�e�c�h�n�o�l�o�g�y� �a�n�d� �s�e�r�v�i�c�e�s�.� �t�o� �s�u�p�p�o�r�t� 

�i�t�.�1�7� �T�h�u�s�,� �f�o�r� �t�h�e� �t�i�m�e� �f�r�a�m�e� �o�f� �t�h�i�s� �s�t�u�d�y�,� �i�t� �i�s� �a�s�s�u�m�e�d� �t�h�a�t� �o�n�l�y� 

�p�i�u�t�o�n�i�u�m� �u�s�e� �i�n�-�s�i�t�u� �a�n�d� �i�n� �r�e�c�y�c�l�e� �c�o�n�t�r�i�b�u�t�e�s� �t�o� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� 

�o�f� �a� �p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t�.� 

�F�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �i�s� �f�o�r�m�e�d� �i�n� �t�h�e� �r�e�a�c�t�o�r� �c�o�r�e� �a�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e� 

�r�a�d�i�a�t�i�v�e� �c�a�p�t�u�r�e� �o�f� �n�e�u�t�r�o�n�s� �i�n� �t�h�e� �U�-�2�3�8� �n�u�c�l�e�u�s�.� �W�h�e�n� �f�o�r�m�e�d�,� �t�h�e� 

�f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �(�P�u�-�2�3�9� �a�n�d� �P�u�-�2�4�1�)� �p�a�r�t�i�c�i�p�a�t�e�s� �i�n� �a� �s�i�m�i�l�a�r� �f�a�s�h�i�o�n� 

�t�o� �U�-�2�3�5� �i�n� �t�h�e� �g�e�n�e�r�a�l� �f�i�s�s�i�o�n� �r�e�a�c�t�i�o�n�s�.� �T�h�e� �m�o�r�e� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� 

�t�h�a�t� �i�s� �f�o�r�m�e�d� �i�n� �t�h�e� �r�e�a�c�t�o�r�,� �t�h�e� �m�o�r�e� �i�m�p�o�r�t�a�n�t� �i�t� �i�s� �i�n�-�s�i�t�u� �c�o�n�-� 

�s�u�m�p�t�i�o�n�.� �T�h�e� �q�u�a�n�t�i�t�y� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �a�v�a�i�l�a�b�l�e� �t�o� �p�a�r�t�i�c�i�p�a�t�e� 

�i�n� �t�h�e� �f�i�s�s�i�o�n� �p�r�o�c�e�s�s� �d�e�p�e�n�d�s� �u�p�o�n� �t�h�e� �d�e�g�r�e�e� �o�f� �c�o�r�e� �b�u�r�n�u�p� �a�n�d� �t�h�e� 

�n�e�u�t�r�o�n�i�c� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �r�e�a�c�t�o�r�.� �N�o� �v�a�l�u�e� �c�a�n� �b�e� �a�s�s�i�g�n�e�d� �t�o� 

�t�h�i�s� �p�l�u�t�o�n�i�u�m� �s�i�n�c�e� �i�t� �i�s� �a� �g�e�n�e�r�a�l� �p�r�o�d�u�c�t� �o�f� �n�e�u�t�r�o�n� �c�a�p�t�u�r�e� �i�n� �U�-�2�3�8



�7�8� 

�a�n�d� �s�i�n�c�e� �i�t� �i�s� �f�r�e�e�l�y� �a�v�a�i�l�a�b�l�e� �t�o� �b�e� �u�t�i�l�i�z�e�d� �w�i�t�h�o�u�t� �r�e�p�r�o�c�e�s�s�i�n�g�.� 

�P�l�u�t�o�n�i�u�m� �r�e�m�a�i�n�i�n�g� �i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �c�a�n� �b�e� �c�h�e�m�i�c�a�l�l�y� �s�e�p�a�r�a�t�e�d� 

�(�r�e�p�r�o�c�e�s�s�e�d�)� �f�r�o�m� �t�h�e� �u�r�a�n�i�u�m� �a�n�d� �f�i�s�s�i�o�n� �p�r�o�d�u�c�t�s� �c�o�n�t�a�i�n�e�d� �i�n� �t�h�e� 

�s�p�e�n�t�-�f�u�e�l�.� �I�t� �c�a�n� �b�e� �u�t�i�l�i�z�e�d� �a�s� �a� �f�u�e�l� �a�g�a�i�n� �b�y� �m�i�x�i�n�g� �i�t� �w�i�t�h� �n�a�t�u�~� 

�r�a�l�,� �d�e�p�l�e�t�e�d�,� �o�r� �e�n�r�i�c�h�e�d� �u�r�a�n�i�u�m� �t�o� �f�o�r�m� �a� �m�i�x�e�d�-�o�x�i�d�e� �f�u�e�l�.� �T�h�u�s�,� 

�t�h�e� �s�e�p�a�r�a�t�e�d� �p�l�u�t�o�n�i�u�m� �c�a�n� �b�e� �r�e�i�n�t�r�o�d�u�c�e�d� �i�n�t�o� �t�h�e� �s�a�m�e� �r�e�a�c�t�o�r�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �s�e�c�t�i�o�n� �A� �o�f� �t�h�i�s� �c�h�a�p�t�e�r�,� �t�h�e�r�e� �w�i�l�l� �b�e� �a� �t�r�a�n�-� 

�s�i�t�i�o�n� �f�r�o�m� �f�u�e�l� �d�i�s�c�h�a�r�g�e�d� �a�t� �l�o�w� �e�x�p�o�s�u�r�e�s�,� �t�o� �a� �s�i�t�u�a�t�i�o�n� �i�n� �1�9�8�3�,� 

�w�h�e�r�e� �t�h�e� �f�u�e�l� �w�i�l�l� �b�e� �d�i�s�c�h�a�r�g�e�d� �p�r�e�d�o�m�i�n�a�n�t�l�y� �a�t� �e�q�u�i�l�b�r�i�u�m� �e�x�p�o�s�u�r�e�s�.� 

�T�h�e� �e�f�f�e�c�t� �o�f� �t�h�e� �r�e�c�y�c�l�e�d� �p�l�u�t�o�n�i�u�m� �d�e�p�e�n�d�s� �o�n� �t�h�i�s� �s�i�t�u�a�t�i�o�n�,� �s�i�n�c�e� 

�t�h�e� �o�p�e�r�a�t�i�n�g� �c�h�a�r�a�c�t�e�r�i�s�t�i�c� �o�f� �t�h�e� �r�e�c�y�c�l�e� �r�e�a�c�t�o�r� �w�i�l�l� �d�e�p�e�n�d� �o�n� �t�h�e� 

�c�o�m�p�o�s�i�t�i�o�n� �o�f� �t�h�e� �p�l�u�t�o�n�i�u�m�.� �R�e�f�e�r�r�i�n�g� �b�a�c�k� �t�o� �T�a�b�l�e� �4�.�3�,� �t�h�e� �n�u�m�b�e�r�s� 

�p�r�e�s�e�n�t�e�d� �a�r�e� �u�s�e�f�u�l� �i�n� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �a�v�e�r�a�g�e� �v�a�l�u�e� �o�f� �p�l�u�t�o�n�i�u�m� �i�n� 

�t�h�e� �t�i�m�e� �p�e�r�i�o�d�s� �w�h�e�n� �i�t� �c�a�n� �b�e� �e�x�p�e�c�t�e�d� �t�h�a�t� �t�h�e� �r�e�p�r�o�c�e�s�s�i�n�g� �p�l�a�n�t�s� 

�w�i�l�l� �b�e� �o�p�e�r�a�t�i�o�n�a�l�.� �A�s� �m�e�n�t�i�o�n�e�d� �e�a�r�l�i�e�r�,� �f�o�r� �t�h�i�s� �s�t�u�d�y�,� �t�h�i�s� �r�e�c�y�c�l�e� 

�m�o�d�e� �i�s� �p�r�i�m�a�r�i�l�y� �f�o�r� �t�h�e� �p�u�r�p�o�s�e� �o�f� �c�r�e�a�t�i�n�g� �a�n�  ��a�r�t�i�f�i�c�i�a�l� �m�a�r�k�e�t�"� 

�t�o� �e�s�t�a�b�l�i�s�h� �a� �v�a�l�u�e� �f�o�r� �p�l�u�t�o�n�i�u�m�.� 

�T�h�e� �v�a�l�u�e� �o�f� �p�l�u�t�o�n�i�u�m� �c�a�n� �b�e� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �s�e�v�e�r�a�l� �w�a�y�s�.� �T�h�e� 

�m�e�t�h�o�d� �m�o�s�t� �f�r�e�q�u�e�n�t�l�y� �u�s�e�d� �i�s� �t�h�e� �i�n�d�i�f�f�e�r�e�n�c�e� �o�r� �b�r�e�a�k�-�e�v�e�n� �m�e�t�h�o�d� 

�p�r�o�p�o�s�e�d� �b�y� �E�s�e�l�b�a�c�h�.�!�©� �T�h�e� �i�n�d�i�f�f�e�r�e�n�c�e� �m�e�t�h�o�d� �d�e�f�i�n�e�s� �p�l�u�t�o�n�i�u�m� 

�v�a�l�u�e�s� �a�s� �t�h�e� �v�a�l�u�e� �y�i�e�l�d�i�n�g� �t�h�e� �s�a�m�e� �f�u�e�l� �c�y�c�l�e� �c�o�s�t�s� �w�h�e�t�h�e�r� �t�h�e� 

�p�l�u�t�o�n�i�u�m� �d�i�s�c�h�a�r�g�e�d� �i�s� �s�o�l�d� �o�r� �r�e�c�y�c�l�e�d�.� �F�o�r� �t�h�i�s� �m�e�t�h�o�d�,� �f�i�r�m �� 

�n�u�m�e�r�i�c�a�l� �v�a�l�u�e�s� �f�o�r� �e�a�c�h� �f�u�e�l� �c�y�c�l�e� �c�o�s�t� �c�o�m�p�o�n�e�n�t� �f�o�r� �b�o�t�h� �e�n�r�i�c�h�e�d� 

�u�r�a�n�i�u�m� �f�u�e�l� �a�n�d� �p�l�u�t�o�n�i�u�m� �r�e�c�y�c�l�e� �m�u�s�t� �b�e� �k�n�o�w�n�,� �l�e�a�v�i�n�g� �o�n�l�y� �t�h�e� �v�a�l�u�e� 

�o�f� �p�l�u�t�o�n�i�u�m� �u�n�k�n�o�w�n�.� �O�b�v�i�o�u�s�l�y� �t�h�i�s� �m�e�t�h�o�d� �d�e�p�e�n�d�s� �h�e�a�v�i�l�y� �u�p�o�n� �a� 

�m�i�x�e�d�-�o�x�i�d�e� �f�u�e�l� �c�y�c�l�e� �a�n�d� �t�h�e� �e�s�t�a�b�l�i�s�h�m�e�n�t� �o�f� �a� �w�e�l�l� �d�e�f�i�n�e�d



�7�9� 

�p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t�.� �T�h�e�r�e�f�o�r�e�,� �i�t� �s�e�e�m�s� �t�h�a�t� �t�h�i�s� �m�e�t�h�o�d� �d�o�e�s� �n�o�t� �a�p�p�e�a�r� 

�u�s�e�f�u�l� �i�n� �t�h�e� �p�r�e�s�e�n�t� �s�i�t�u�a�t�i�o�n� �o�f� �a� �n�o�n�-�e�x�i�s�t�e�n�t� �f�i�r�m� �p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t�.� 

�T�h�i�s� �r�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �p�r�e�s�e�n�t� �u�n�c�e�r�t�a�i�n�t�i�e�s� �s�u�r�r�o�u�n�d�i�n�g� �r�e�p�r�o�c�e�s�s�i�n�g� 

�a�n�d� �r�e�c�y�c�l�e�.� 

�A� �g�e�n�e�r�a�l�i�z�e�d� �e�q�u�a�t�i�o�n� �f�o�r� �p�l�u�t�o�n�i�u�m� �v�a�l�u�e� �i�s� �d�e�r�i�v�e�d� �b�y� �D�e�o�n�i�g�i� 

�w�h�i�c�h� �e�s�t�a�b�l�i�s�h�e�s� �r�e�l�a�t�i�o�n�s�h�i�p�s� �w�i�t�h� �f�u�l�l�y� �e�n�r�i�c�h�e�d� �u�r�a�n�i�u�m�,� �P�l�u�t�o�n�i�u�m�-� 

�2�4�2� �p�e�n�a�l�t�y� �f�a�c�t�o�r�,� �a�n�d� �t�h�e� �d�i�f�f�e�r�e�n�t�i�a�l� �f�a�b�r�i�c�a�t�i�o�n� �c�o�s�t� �c�o�r�r�e�c�t�i�o�n� 

�f�o�r� �m�i�x�e�d�-�o�x�i�d�e� �f�u�e�l� �a�b�o�v�e� �t�h�a�t� �o�f� �u�r�a�n�i�u�m� �f�u�e�l�.�! �� �D�e�o�n�i�g�i� �s�h�o�w�s� �t�h�a�t� 

�t�h�e� �p�l�u�t�o�n�i�u�m� �v�a�l�u�e� �i�s� 

�V�P�u�)� �=� �U�(�i�e�1�.�6�R�)� �-� �P�u� �f�a�b�s�i�c�a�t�i�o�n� �p�e�n�a�t�e�y�s� �S�/�k�g�w�O�K� �(�4�.�1�3�)� 
�w�h�e�r�e� 

�A� �=� �p�l�u�t�o�n�i�u�m� �r�e�p�l�a�c�e�m�e�n�t� �v�a�l�u�e� �(�r�e�l�a�t�i�v�e� �w�o�r�t�h� �o�f� �P�u�-�2�3�9� �t�o� �U�-�2�3�5� 

�a�s� �a� �f�i�s�s�i�l�e� �m�a�t�e�r�i�a�l� �-� �g�m� �U�-�2�3�5�/�e�m� �P�u�  �� �f�i�s�s�i�l�e�)�,� 

�U� �=� �t�h�e� �c�o�s�t� �o�f� �f�u�l�l�y� �e�n�r�i�c�h�e�d� �u�r�a�n�i�u�m� �(�9�3�%� �w�t�)� �a�t� �t�h�e� �f�a�b�r�i�c�a�t�i�o�n� 

�p�l�a�n�t� �-� �$�/�k�g�,� �a�n�d� 

�R� �=� �r�a�t�i�o� �o�f� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� �P�u�-�2�4�2� �t�o� �t�h�e� �c�o�n�c�e�n�t�r�a�t�i�o�n� �o�f� 

�f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m�,� �(�P�u�-�2�3�9� �a�n�d� �P�u�-�2�4�1�)�.� 

�F�o�r� �p�u�r�p�o�s�e�s� �o�f� �t�h�i�s� �s�t�u�d�y�,� �t�h�e� �v�a�l�u�e� �o�f� �p�l�u�t�o�n�i�u�m� �i�s� �b�e�s�t� �e�s�t�a�b�-� 

�l�i�s�h�e�d� �b�y� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �s�a�v�i�n�g�s� �r�e�a�l�i�z�e�d� �i�n� �t�h�e� �r�e�d�u�c�t�i�o�n� �o�f� �r�e�q�u�i�r�e�-� 

�m�e�n�t�s� �f�o�r� �u�r�a�n�i�u�m� �o�r�e� �a�n�d� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �u�n�i�t�s� �t�h�a�t� �r�e�s�u�l�t�s� �f�r�o�m� �r�e�-� 

�p�r�o�c�e�s�s�i�n�g�.� 

�I�n� �t�h�e� �G�E�S�M�O� �s�t�u�d�y�,� �a�n� �e�s�t�i�m�a�t�e� �o�f� �s�a�v�i�n�g�s� �i�n� �u�r�a�n�i�u�m� �o�r�e� �a�n�d� 

�s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �r�e�a�l�i�z�e�d� �b�y� �p�l�u�t�o�n�i�u�m� �r�e�c�y�c�l�e� �i�s� �e�v�a�l�u�a�t�e�d�.�! �� �T�h�i�s
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�e�v�a�l�u�a�t�i�o�n� �e�s�t�a�b�l�i�s�h�e�s� �e�q�u�i�v�a�l�e�n�t� �s�a�v�i�n�g�s� �b�a�s�e�d� �o�n� �t�h�e� �p�r�e�s�e�n�t� �o�f�f�e�r�-� 

�i�n�g�s� �o�f� �m�a�j�o�r� �f�u�e�l� �s�u�p�p�l�i�e�r�s�.� �I�t� �i�s� �f�o�u�n�d� �t�h�a�t� �o�n�e� �g�r�a�m� �o�f� �f�i�s�s�i�l�e� 

�p�l�u�t�o�n�i�u�m� �i�n� �a� �P�W�R� �i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �0�.�1�9�0�6� �k�g�s� �o�f� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �p�l�u�s� 

�0�.�1�8�0� �k�g�s� �o�f� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m�.� �A� �s�i�m�i�l�a�r� �a�n�a�l�y�s�i�s� �f�o�r� �B�W�R� �r�e�c�y�c�l�e� �i�s� 

�t�h�a�t� �0�.�2�0�3�7� �k�g�s� �o�f� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �p�l�u�s� �0�.�1�8�7�0� �k�g�s� �o�f� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m� 

�i�s� �e�q�u�i�v�a�l�e�n�t� �t�o� �o�n�e� �g�r�a�m� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m�.� �T�h�e� �a�m�o�u�n�t� �o�f� �s�a�v�i�n�g�s� 

�r�e�a�l�i�z�a�b�l�e� �i�s� �d�e�p�e�n�d�e�n�t� �o�n� �t�h�e� �p�r�i�c�e� �t�h�a�t� �m�u�s�t� �b�e� �p�a�i�d� �f�o�r� �n�a�t�u�r�a�l� 

�u�r�a�n�i�u�m� �a�n�d� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �d�u�r�i�n�g� �t�h�e� �y�e�a�r� �t�h�a�t� �r�e�c�y�c�l�e� �o�c�c�u�r�s�.� �S�i�n�c�e� 

�t�h�e� �a�c�t�u�a�l� �v�a�l�u�e� �o�f� �t�h�e� �p�l�u�t�o�n�i�u�m� �a�t� �a� �s�p�e�c�i�f�i�c� �t�i�m�e� �i�s� �d�e�p�e�n�d�e�n�t� �u�p�o�n� 

�t�h�e� �q�u�a�n�t�i�t�y� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �a�v�a�i�l�a�b�l�e� �a�t� �t�h�a�t� �t�i�m�e�,� �a� �c�o�r�r�e�c�t�i�o�n� 

�i�s� �a�l�l�o�w�e�d� �f�o�r� �t�h�e� �d�e�c�a�y� �o�f� �P�u�-�2�4�1�.� �A�c�c�o�u�n�t�i�n�g� �f�o�r� �l�o�s�s�e�s� �d�u�r�i�n�g� �r�e�-� 

�p�r�o�c�e�s�s�i�n�g� �a�n�d� �f�a�b�r�i�c�a�t�i�o�n�,� �t�h�e� �e�f�f�e�c�t�i�v�e� �p�l�u�t�o�n�i�u�m� �v�a�l�u�e� �i�s� �d�e�t�e�r�m�i�n�e�d� 

�b�y�:� 

�V�(�P�u�)� �=� �(�C�g� �*� �A�+� �C�e� �*� �B�Y�)� �(�1� �-� �n�y� �-� �n�g� �-� �1�3�)� �(�4�.�1�4�)� 
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�u� �p�l�u�t�o�n�i�u�m� �v�a�l�u�e�,� �$�/�g�m� �-� �f�i�s�s�i�l�e�;� 

�C�_� �=� �u�n�i�t� �c�o�s�t� �o�f� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k�,� �$�/�k�g�;� 

�C�e� �=� �u�n�i�t� �c�o�s�t� �o�f� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m� �f�e�e�d�,� �$�/�k�g�;� 

�n�L� �=� �l�o�s�s� �d�u�r�i�n�g� �r�e�p�r�o�c�e�s�s�i�n�g�! �� �(�=� �0�.�0�0�5�)�;� 

�=� �l�o�s�s� �d�u�r�i�n�g� �f�a�b�r�i�c�a�t�i�o�n�! �� �(� �0�.�0�0�3�)�;� �a�n�d� 

�=� �l�o�s�s� �i�n� �f�i�s�s�i�l�e� �P�u� �d�u�r�i�n�g� �r�e�p�r�o�c�e�s�s�i�n�g� �a�n�d� �f�a�b�r�i�c�a�t�i�o�n� �d�u�e� 

�t�o� �d�e�c�a�y� �o�f� �P�u�-�2�4�1�2�°� �(�=� �0�.�0�1�)�.� 

�T�h�e� �f�a�c�t�o�r�s� �A� �(�e�q�u�i�v�a�l�e�n�t� �o�f� �o�n�e� �g�r�a�m� �o�f� �f�i�s�s�i�l�e� �p�l�u�t�o�n�i�u�m� �i�n� �t�e�r�m�s� �o�f� 

�s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �u�n�i�t�s�)�,� �a�n�d� �B� �(�e�q�u�i�v�a�l�e�n�t� �t�o� �o�n�e� �g�r�a�m� �o�f� �f�i�s�s�i�l�e
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�p�l�u�t�o�n�i�u�m� �i�n� �t�e�r�m�s� �o�f� �n�a�t�u�r�a�l� �u�r�a�n�i�u�m�)�,� �w�h�i�c�h� �v�a�r�y� �w�i�t�h� �t�h�e� �t�y�p�e� �o�f� 

�r�e�a�c�t�o�r�,� �a�r�e� �s�u�m�m�a�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�1�4�.� �T�h�i�s� �e�q�u�i�v�a�l�e�n�c�y� �a�p�p�r�o�a�c�h� 

�s�e�r�v�e�s� �a�s� �t�h�e� �m�e�t�h�o�d� �o�f� �d�e�t�e�r�m�i�n�i�n�g� �t�h�e� �v�a�l�u�e� �o�f� �p�l�u�t�o�n�i�u�m�.� �T�h�e� �c�o�r�-� 

�r�e�c�t�i�o�n� �f�o�r� �d�e�c�a�y� �o�f�:� �p�l�u�t�o�n�i�u�m�-�2�4�1� �w�i�t�h� �t�i�m�e� �i�s� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �c�o�m�-� 

�p�u�t�e�r� �c�o�d�e� �d�e�v�e�l�o�p�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� �p�r�o�f�i�t� �r�e�a�l�i�z�a�b�l�e� �f�r�o�m� �r�e�c�y�c�l�e� 

�o�f� �t�h�e� �p�l�u�t�o�n�i�u�m� �a�n�d� �u�r�a�n�i�u�m�.� �I�t� �i�s� �a�p�p�r�o�p�r�i�a�t�e� �t�o� �n�o�t�e� �t�h�a�t� �e�q�u�a�t�i�o�n� 

�4�.�1�4� �d�o�e�s� �n�o�t� �i�n�c�l�u�d�e� �a� �f�a�b�r�i�c�a�t�i�o�n� �p�e�n�a�l�t�y� �f�o�r� �m�i�x�e�d�-�o�x�i�d�e� �f�a�b�r�i�c�a�t�i�o�n�.� 

�T�h�i�s� �p�e�n�a�l�t�y� �i�s� �a� �c�o�s�t� �f�a�c�t�o�r� �t�h�a�t� �i�s� �i�n�c�u�r�r�e�d� �i�f� �r�e�c�y�c�l�e� �a�n�d� �s�u�b�s�e�-� 

�q�u�e�n�t�l�y� �a�n� �e�c�o�n�o�m�i�c� �g�a�i�n� �i�s� �t�o� �b�e� �r�e�a�l�i�z�e�d�.� 

�D�.� �S�t�o�r�a�g�e� �C�o�s�t�s� 

�A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �s�t�o�r�a�g�e� �c�o�s�t�s� �i�s� �c�o�n�d�u�c�t�e�d� �b�y� �M�a�c�e�k�.�2�°� �F�r�o�m� 

�t�h�e� �e�x�a�m�i�n�a�t�i�o�n�,� �i�t� �i�s� �e�s�t�a�b�l�i�s�h�e�d� �t�h�a�t� �t�h�e� �r�a�n�g�e� �o�f� �t�h�e� �c�o�s�t�s� �o�f� �s�p�e�n�t�-� 

�f�u�e�l� �s�t�o�r�a�g�e� �e�x�t�e�n�d�s� �f�r�o�m� �$�5�5�0�0�/�M�T�-�s�p�e�n�t�-�f�u�e�l� �p�e�r� �y�e�a�r� �f�o�r� �a� �u�t�i�l�i�t�y�-� 

�o�w�n�e�d� �s�t�o�r�a�g�e� �f�a�c�i�l�i�t�y�,� �t�o� �$�2�0�,�0�0�0�/�M�I�-�s�p�e�n�t�-�f�u�e�l� �p�e�r� �y�e�a�r� �f�o�r� �a� �c�o�m�m�e�r�-� 

�c�i�a�l� �f�a�c�i�l�i�t�y�.� �M�a�c�e�k� �e�s�t�a�b�l�i�s�h�e�s� �a� �f�i�g�u�r�e� �o�f� �$�7�0�0�0� �p�e�r� �t�o�n�n�e� �o�f� �f�u�e�l� 

�p�e�r� �y�e�a�r� �a�s� �t�y�p�i�c�a�l� �c�o�s�t� �f�o�r� �f�a�c�i�l�i�t�i�e�s� �w�h�e�r�e� �u�t�i�l�i�t�i�e�s� �s�u�p�p�l�y� �s�o�m�e� 

�f�o�r�m� �o�f� �l�o�n�g� �t�e�r�m� �c�o�m�m�i�t�m�e�n�t� �o�r� �f�r�o�n�t�-�e�n�d� �m�o�n�e�y�.� �I�t� �i�s� �e�x�p�e�c�t�e�d� �t�h�a�t� 

�t�h�e� �s�t�o�r�a�g�e� �c�o�s�t�s� �w�i�l�l� �i�n�c�r�e�a�s�e� �a�t� �t�h�e� �a�n�n�u�a�l� �r�a�t�e� �o�f� �i�n�f�l�a�t�i�o�n�.� �F�o�r� 

�t�h�e� �c�u�r�r�e�n�t� �d�e�c�a�d�e�,� �t�h�i�s� �r�a�t�e� �w�i�l�l� �b�e� �a�t� �8�%� �p�e�r� �y�e�a�r�,� �d�u�r�i�n�g� �t�h�e� �1�9�8�0�'�s� 

�a�t� �6�%�/�y�r�,� �a�n�d� �d�u�r�i�n�g� �t�h�e� �1�9�9�0�'�s� �a�t� �4�%�/�y�r�.� �D�e�c�r�e�a�s�e� �i�n� �t�h�e� �r�a�t�e�s� �f�o�r� 

�t�h�e� �1�9�8�0�'�s� �a�n�d� �1�9�9�0�'�s� �a�r�e� �a�t�t�r�i�b�u�t�e�d� �t�o� �a� �s�l�o�w�i�n�g� �i�n� �t�h�e� �r�a�t�e� �o�f� �i�n�f�l�a�t�i�o�n� 

�B�a�s�e�d� �u�p�o�n� �t�h�e� �a�s�s�u�m�p�t�i�o�n�s� �a�b�o�v�e�,� �o�n�-�s�i�t�e� �s�t�o�r�a�g�e� �c�o�s�t�s� �p�e�r� �a�s�s�e�m�b�l�y�-� 

�y�e�a�r� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �r�e�a�c�t�o�r� �s�y�s�t�e�m�s� �a�r�e� �s�u�m�m�e�r�i�z�e�d� �i�n� �T�a�b�l�e� �4�.�1�5�.� 

�E�a�c�h� �o�f� �t�h�e� �p�a�r�a�m�e�t�e�r�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�i�s� �s�e�c�t�i�o�n� �a�r�e� �u�t�i�l�i�z�e�d� �i�n



�8�2� 

�d�e�v�e�l�o�p�i�n�g� �a� �d�a�t�a� �g�e�n�e�r�a�t�i�n�g� �c�o�d�e�.� �T�h�e� �i�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �c�o�d�e�,� 

�p�l�u�s� �t�h�e� �s�o�l�u�t�i�o�n� �t�e�c�h�n�i�q�u�e� �i�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �n�e�x�t� �c�h�a�p�t�e�r�.



�8�3� 

�T�a�b�l�e� �4�.�1�4�.�  ��P�l�u�t�o�n�i�u�m� �V�a�l�u�e� �f�o�r� �U�r�a�n�i�u�m� �F�e�e�d� 

�a�n�d� �S�e�p�a�r�a�t�i�v�e� �W�o�r�k� �E�q�u�i�v�a�l�e�n�t�s�!�7� 

� � 

�T�y�p�e� �o�f� �R�e�a�c�t�o�r� 
� � 

�E�q�u�i�v�a�l�e�n�t�s� �t�o� �1� �g�m� �o�f� �P�u� �(�f�i�s�s�i�l�e�)� 
�.� �P�W�R� �B�W�R� 

� � 

� � �S�W�U� �E�q�u�i�v�a�l�e�n�t� �-� �K�g� �0�.�1�9�0�6� �|� �0�.�1�8�0� 

� � � � �N�a�t�u�r�a�l� �U� �E�q�u�i�v�a�l�e�n�t� �~�-� �K�g� �0�.�2�0�3�7� �|� �0�.�1�8�7�0� 
� � 

� 



�8�4� 

�T�a�b�l�e� �4�.�1�5�.� �O�n�-�S�i�t�e� �S�t�o�r�a�g�e� �C�o�s�t�s� �P�e�r� �A�s�s�e�m�b�l�y� �-� �Y�e�a�r� 

� � 

� � 
� � 

� � 

�$�/�A�s�s�e�m�b�l�y� 

�P�W�R� �P�W�R� �P�W�R� �B�W�R� 

�Y�e�a�r� 

�(�W�)� �(�B� �&� �W�)� �(�C�E�)� �(�G�E�)� 

�1�9�7�7� �3�2�7�1� �3�2�4�0� �2�9�9�1� �1�3�1�9� 
�1�9�7�8� �3�5�4�3� �3�5�1�0� �3�2�4�0� �1�4�2�9� 
�1�9�7�9� �3�8�3�9� �3�8�0�2� �3�5�1�0� �1�5�4�8� 

�1�9�8�0� �4�1�5�8� �4�1�1�9� �3�8�0�3� �1�6�7�7� 
�1�9�8�1� �4�4�1�6� �4�3�7�4� �4�0�3�8� �1�7�8�1� 
�1�9�8�2� �4�6�8�9� �4�6�4�4� �4�2�8�8� �1�8�9�1� 
�1�9�8�3� �4�9�7�9� �4�9�3�1� �4�5�5�3� �2�0�0�8� 
�1�9�8�4� �5�2�8�6� �5�2�3�6� �4�8�3�4� �2�1�3�2� 
�1�9�8�5� �|� �5�6�1�3� �5�5�6�0� �5�1�3�3� �2�2�6�4� 
�1�9�8�6� �5�9�6�1� �5�9�0�4� �5�4�5�1� �2�4�0�4� 
�1�9�8�7� �6�3�2�9� �6�2�6�9� �5�7�8�8� �2�5�5�3� 

�1�9�8�8� �6�7�2�1� �6�6�5�7� �6�1�4�6� �2�7�1�1� 
�1�9�8�9� �7�1�3�6� �7�0�6�9� �6�5�2�6� �2�8�7�8� 
�1�9�9�0� �7�5�7�7� �7�5�0�6� �6�9�2�9� �3�0�5�6� 
�1�9�9�1� �7�8�8�7�.� �7�8�1�2� �7�2�1�2� �3�1�8�1� 
�1�9�9�2� �8�2�0�9� �8�1�3�1� �7�5�0�7� �5�3�1�1� 
�1�9�9�3� �8�5�4�4� �8�4�6�3� �7�8�1�3� �3�4�4�6� 
�1�9�9�4� �8�8�9�2� �8�8�0�8� �8�1�3�2� �3�5�8�7� 
�1�9�9�5� �9�2�5�5� �9�1�6�8� �8�4�6�4� �3�7�3�3� 
�1�9�9�6� �~ ��-�9�6�3�3� �9�5�4�2� �8�8�0�9� �3�8�8�6� 
�1�9�9�7� �1�0�0�2�6� �9�9�3�1� �9�1�6�9� �4�0�4�4� � � � � � � � � � � � 



�5�.� �A�P�P�L�I�C�A�T�I�O�N� �O�F� �T�H�E� �S�P�E�N�T�- ��F�U�E�L�-�W�I�T�H�D�R�A�W�A�L� �M�O�D�E�L� 

�A�.� �M�o�d�e�l� �a�n�d� �D�a�t�a� �S�u�m�m�a�r�y� 

�T�h�e� �l�i�n�e�a�r� �m�o�d�e�l�s� �f�o�r� �t�h�e� �s�p�e�n�t�-�f�u�e�l�-�w�i�t�h�d�r�a�w�a�l� �p�r�o�b�l�e�m� �d�e�v�e�l�o�p�e�d� 

�i�n� �S�e�c�t�i�o�n�s� �C� �a�n�d� �D� �o�f� �C�h�a�p�t�e�r� �3� �a�r�e� �a�n�a�l�y�z�e�d� �f�r�o�m� �a�n� �o�p�t�i�m�i�z�a�t�i�o�n� 

�s�t�a�n�d�p�o�i�n�t�.� �T�h�e�s�e� �m�o�d�e�l�s� �a�r�e� �c�h�o�s�e�n� �t�o� �b�e� �a�p�p�l�i�e�d� �t�o� �t�h�e� �o�p�t�i�m�i�z�a�t�i�o�n� 

�o�f� �t�h�e� �i�n�v�e�n�t�o�r�y� �w�i�t�h�d�r�a�w�a�l� �p�r�o�b�l�e�m� �b�e�c�a�u�s�e� �s�t�a�n�d�a�r�d� �m�e�t�h�o�d�s� �e�x�i�s�t� �f�o�r� 

�t�h�e�i�r� �s�o�l�u�t�i�o�n�.� �B�e�f�o�r�e� �d�i�s�c�u�s�s�i�n�g� �t�h�e�s�e� �m�o�d�e�l�s�,� �i�t� �i�s� �n�e�c�e�s�s�a�r�y� 

�f�i�r�s�t� �t�o� �d�i�s�c�u�s�s� �t�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m�m�i�n�g� �f�o�r�m�u�l�a�t�i�o�n� �a�n�d� �t�h�e� �p�r�o�b�l�e�m�s� 

�t�o� �-�b�e� �e�n�c�o�u�n�t�e�r�e�d� �i�n� �i�t�s� �i�m�p�l�e�m�e�n�t�a�t�i�o�n�.� 

�T�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m� �f�o�r�m�u�l�a�t�e�d� �i�n� �S�e�c�t�i�o�n� �3�-�B� �i�s�,� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� 

�a� �l�a�r�g�e� �p�r�o�b�l�e�m�.� �F�o�r� �t�h�e� �g�e�n�e�r�a�l� �p�r�o�b�l�e�m�,� �c�o�n�s�i�d�e�r�i�n�g� �N�(�t�)� �c�l�a�s�s�e�s� �o�f� 

�s�p�e�n�t�-�f�u�e�l� �f�o�r� �e�a�c�h� �t�i�m�e� �p�e�r�i�o�d� �t�,� �t�h�e� �m�o�d�e�l� �h�a�s� �t�e�(�t�,�t�1�)�/�2� �s�t�a�g�e�s�.� 

�C�o�n�s�i�d�e�r�i�n�g� �N�(�t�)�=�1� �f�o�r� �a�l�l� �t� �i�n� �o�r�d�e�r� �t�o� �r�e�d�u�c�e� �t�h�e� �d�i�m�e�n�s�i�o�n�a�l�i�t�y� �o�f� 

�t�h�e� �p�r�o�b�l�e�m�,� �t�h�e� �p�r�o�g�r�a�m� �h�a�s� �t�r� �s�t�a�g�e�s�.� �F�o�r� �e�i�t�h�e�r� �p�r�o�b�l�e�m� �t�h�e� �n�u�m�b�e�r� 

�o�f� �s�t�a�t�e� �v�a�r�i�a�b�l�e� �t�r�a�n�s�f�o�r�m�a�t�i�o�n�s� �i�s� �t�g�(�t�g�t�l�)�/�2�.�2�8� �A�t� �e�a�c�h� �s�t�a�g�e�,� �t�h�e� 

�n�u�m�b�e�r� �o�f� �s�t�a�t�e� �v�a�r�i�a�b�l�e�s� �e�x�c�e�e�d�s� �o�r� �i�s� �e�q�u�a�l� �t�o� �t�h�e� �n�u�m�b�e�r� �o�f� �d�e�c�i�s�i�o�n� 

�v�a�r�i�a�b�l�e�s�.� �T�h�i�s� �a�d�d�s� �a�d�d�i�t�i�o�n�a�l� �c�o�m�p�u�t�a�t�i�o�n�a�l� �d�i�f�f�i�c�u�l�t�y�,� �i�f� �n�o�t� 

�i�m�p�o�s�s�i�b�i�l�i�t�y�,� �i�n� �o�b�t�a�i�n�i�n�g� �a� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m�m�i�n�g� �s�o�l�u�t�i�o�n� �o�f� �t�h�e� �m�o�d�e�l�.� 

�A�s� �a� �r�e�s�u�l�t� �o�f� �t�h�e�s�e� �d�i�f�f�i�c�u�l�t�i�e�s� �e�n�c�o�u�n�t�e�r�e�d� �w�i�t�h� �t�h�e� �d�y�n�a�m�i�c� �p�r�o�g�r�a�m�,� 

�t�h�e� �l�i�n�e�a�r� �a�p�p�r�o�a�c�h� �i�s� �d�e�t�e�r�m�i�n�e�d� �t�o� �b�e� �t�h�e� �b�e�s�t�.� 

�U�p�o�n� �c�o�n�s�i�d�e�r�i�n�g� �t�h�e� �l�i�n�e�a�r� �m�o�d�e�l�s� �d�e�v�e�l�o�p�e�d� �i�n� �C�h�a�p�t�e�r� �3�,� �a� 

�r�e�d�u�c�t�i�o�n� �i�n� �d�i�m�e�n�s�i�o�n�a�l�i�t�y� �i�s� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �H�i�t�c�h�c�o�c�k� �f�o�r�m�u�l�a�t�i�o�n� 

�w�h�e�n� �c�o�n�s�i�d�e�r�i�n�g� �o�n�l�y� �o�n�e� �s�p�e�n�t�-�f�u�e�l� �c�l�a�s�s� �a�t� �e�a�c�h� �d�i�s�c�h�a�r�g�e� �p�e�r�i�o�d�.� 

�U�p�o�n� �r�e�d�u�c�t�i�o�n� �i�n� �d�i�m�e�n�s�i�o�n�a�l�i�t�y�,� �t�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �f�o�r�m�u�l�a�t�i�o�n� 

�r�e�d�u�c�e�s� �t�o� �t�h�e� �L�i�n�e�a�r� �P�r�o�g�r�a�m�m�i�n�g� �P�r�o�b�l�e�m� �o�r� �T�r�a�n�s�p�o�r�t�a�t�i�o�n� �m�o�d�e�l� 
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�d�e�v�e�l�o�p�e�d� �i�n� �s�e�c�t�i�o�n� �3�-�D�.� �T�h�e� �m�o�d�e�l� �t�h�a�t� �i�s� �a�p�p�l�i�e�d� �t�o� �t�h�e� �a�c�t�u�a�l� 

�o�p�t�i�m�i�z�a�t�i�o�n� �o�f� �t�h�e� �i�n�v�e�n�t�o�r�y� �m�o�d�e�l� �i�s� �a�n�a�l�y�z�e�d� �f�r�o�m� �t�h�e� �p�o�i�n�t� �o�f� �v�i�e�w� 

�o�f� �o�n�l�y� �o�n�e� �c�l�a�s�s� �o�f� �s�p�e�n�t�-�f�u�e�l� �a�t� �a� �g�i�v�e�n� �d�i�s�c�h�a�r�g�e� �p�e�r�i�o�d�.� �T�h�i�s� �o�n�e� 

�c�l�a�s�s�i�f�i�c�a�t�i�o�n� �r�e�p�r�e�s�e�n�t�s� �t�h�e� �a�v�e�r�a�g�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� 

�i�n� �t�h�e� �d�i�s�c�h�a�r�g�e�.� �H�a�v�i�n�g� �e�x�a�m�i�n�e�d� �a�c�t�u�a�l� �d�i�s�c�h�a�r�g�e� �d�a�t�a� �f�o�r� �t�h�e� �H�.� �B�.� 

�R�o�b�i�n�s�o�n� �p�l�a�n�t�,� �®� �i�t� �i�s� �f�o�u�n�d� �t�h�a�t� �e�a�c�h� �a�s�s�e�m�b�l�y� �c�a�n� �b�e� �u�n�i�q�u�e�l�y� �c�l�a�s�s�i�-� 

�f�i�e�d� �a�c�c�o�r�d�i�n�g� �t�o� �t�h�e� �b�u�r�n�u�p� �i�t� �h�a�s� �e�x�p�e�r�i�e�n�c�e�d�.� �F�o�r� �t�h�i�s� �p�a�r�t�i�c�u�l�a�r� 

�p�l�a�n�t�,� �t�h�i�s� �r�e�s�u�l�t�s� �i�n� �5�3� �d�i�f�f�e�r�e�n�t� �c�l�a�s�s�i�f�i�c�a�t�i�o�n�s� �a�t� �e�a�c�h� �d�i�s�c�h�a�r�g�e�.� 

�S�t�a�t�i�s�t�i�c�a�l�l�y�,� �f�o�r� �e�a�c�h� �o�f� �t�h�e� �a�s�s�e�m�b�l�i�e�s� �e�x�a�m�i�n�e�d� �f�r�o�m� �a�n�y� �g�i�v�e�n� �d�i�s�-� 

�c�h�a�r�g�e� �p�e�r�i�o�d�,� �d�e�v�i�a�t�i�o�n� �f�r�o�m� �m�e�a�n� �b�u�r�n�u�p� �i�s� �a�t� �a� �m�a�x�i�m�u�m�,� �o�n�l�y� �9�2�%�.� 

�T�h�u�s�,� �f�o�r� �t�h�e� �p�u�r�p�o�s�e�s� �o�f� �r�e�d�u�c�t�i�o�n� �i�n� �d�i�m�e�n�s�i�o�n�a�l�i�t�y� �o�f� �t�h�e� �p�r�o�b�l�e�m�,� 

�o�n�l�y� �o�n�e� �c�l�a�s�s�i�f�i�c�a�t�i�o�n� �o�f� �a�s�s�e�m�b�l�i�e�s� �i�n� �a� �d�i�s�c�h�a�r�g�e� �p�e�r�i�o�d� �i�s� �e�x�a�m�i�n�e�d�.� 

�I�t� �s�h�o�u�l�d� �b�e� �n�o�t�e�d� �t�h�a�t� �d�i�f�f�e�r�e�n�c�e�s� �i�n� �b�u�r�n�u�p�s� �e�x�p�e�r�i�e�n�c�e�d� �b�y� �t�h�e� �a�v�e�r�-� 

�a�g�e� �a�s�s�e�m�b�l�i�e�s� �a�r�e� �r�e�f�l�e�c�t�e�d� �i�n� �t�h�e� �e�c�o�n�o�m�i�c� �m�e�a�s�u�r�e� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� 

�t�o� �b�e� �d�e�t�e�r�m�i�n�e�d�.� �T�h�i�s� �m�e�a�s�u�r�e� �i�s� �b�a�s�e�d� �u�p�o�n� �t�h�e� �c�h�a�r�a�c�t�e�r�i�s�t�i�c�s� �o�f� 

�t�h�e� �s�p�e�n�t�-�f�u�e�l� �f�r�o�m� �e�a�c�h� �d�i�s�c�h�a�r�g�e� �p�e�r�i�o�d�.� 

�T�h�e� �s�p�e�c�i�f�i�c� �m�o�d�e�l� �t�o� �b�e� �s�o�l�v�e�d� �i�s� �g�i�v�e�n� �a�s�:� 

�M�a�x�i�m�i�z�e� �)� �y� �C�i�a� �Y�i�n� 
�.� �i�=�0� �n�=�l� 

�s�u�b�j�e�c�t� �t�o�:� �|� �(�5�.�1�)� 

�t�p�t�l� 
�1�)� �)�}� �Y�i�p� �t�i�g�i�)� �=�a�,� �¥� �i
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�t�e� 

�2�)� �)�}� �Y�a�n� �=� �D�y� �¥�o�n� 
�i�=�0� 

�3�)� �)� �a�j� �7� �}� �b�y� �=� �0� 
�i�=� �=�]� 

�5�)� �Y�¥�.�,�.� �>� �0� �¥�o�i�,�o�n� 

�w�h�e�r�e� �Y�;�,�,� �i�s� �t�h�e� �d�e�c�i�s�i�o�n� �v�a�r�i�a�b�l�e� �t�o� �b�e� �d�e�t�e�r�m�i�n�e�d� �t�o� �y�i�e�l�d� �o�p�t�i�m�a�l� �n� 

�r�e�s�u�l�t�s�.� 

�B�a�s�e�d� �u�p�o�n� �t�h�e� �e�v�a�l�u�a�t�i�o�n� �a�n�d� �d�e�t�e�r�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �c�o�m�p�o�n�e�n�t�s� �o�f� 

�t�h�e� �m�e�a�s�u�r�e� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� �f�o�r� �t�h�e� �p�r�o�b�l�e�m� �a�s� �p�r�e�s�e�n�t�e�d� �i�n� �C�h�a�p�t�e�r� �4�,� 

�a� �c�o�m�p�u�t�e�r� �c�o�d�e� �i�s� �d�e�v�e�l�o�p�e�d�.� �T�h�i�s� �c�o�d�e� �i�s� �u�s�e�d� �s�p�e�c�i�f�i�c�a�l�l�y� �f�o�r� �t�h�e� 

�p�u�r�p�o�s�e� �o�f� �c�o�s�t� �d�a�t�a� �p�r�e�p�a�r�a�t�i�o�n�.� �I�n�c�l�u�d�e�d� �i�n� �A�p�p�e�n�d�i�x� �B�,� �t�h�i�s� �c�o�d�e� �i�s� 

�d�e�v�e�l�o�p�e�d� �f�o�r� �m�o�r�e� �u�s�e� �t�h�a�n� �t�h�a�t� �n�e�e�d�e�d� �f�o�r� �t�h�i�s� �s�t�u�d�y�.� �H�o�w�e�v�e�r�,� �f�o�r� 

�t�h�i�s� �s�t�u�d�y�,� �t�h�e� �c�o�d�e� �d�e�t�e�r�m�i�n�e�s� �t�h�e� �e�f�f�e�c�t�i�v�e� �v�a�l�u�e� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� 

�b�a�s�e�d� �u�p�o�n� �t�h�e� �v�a�l�u�e� �o�f� �r�e�s�i�d�u�a�l� �u�r�a�n�i�u�m� �a�n�d� �p�l�u�t�o�n�i�u�m� �l�e�s�s� �c�u�m�u�l�a�t�i�v�e� 

�s�t�o�r�a�g�e� �c�o�s�t�s� �d�u�r�i�n�g� �t�h�e� �p�e�r�i�o�d� �o�f� �e�x�a�m�i�n�a�t�i�o�n�.� �I�n�c�l�u�d�e�d� �i�n� �t�h�i�s� �c�o�d�e� 

�a�r�e� �c�o�r�r�e�c�t�i�o�n�s� �f�o�r� �t�h�e� �d�e�c�a�y� �o�f� �f�i�s�s�i�l�e� �P�u�-�2�4�1� �w�h�i�c�h� �r�e�d�u�c�e� �t�h�e� 

�e�f�f�e�c�t�i�v�e� �p�l�u�t�o�n�i�u�m� �v�a�l�u�e� �w�h�i�l�e� �i�n� �s�t�o�r�a�g�e�.� �B�a�s�e�d� �u�p�o�n� �t�h�e� �d�e�v�e�l�o�p�m�e�n�t�s� 

�i�n� �C�h�a�p�t�e�r� �4�,� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�r� �m�e�a�s�u�r�e� �o�f� �e�f�f�e�c�t�i�v�e�n�e�s�s� �t�h�a�t� �s�e�r�v�e�s� 

�a�s� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s� �(�C�c�,� �a�r�e� �d�e�t�e�r�m�i�n�e�d� �f�o�r� �e�a�c�h� �p�a�i�r� �o�f� �d�i�s�c�h�a�r�g�e� 

�p�e�r�i�o�d�s� �i� �a�n�d� �d�e�m�a�n�d� �p�e�r�i�o�d�s� �n� �i�n� �t�h�e� �f�e�a�s�i�b�l�e� �r�e�g�i�o�n�.� �S�u�m�m�a�r�i�z�e�d
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�i�n� �T�a�b�l�e� �5�.�1� �a�r�e� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�r� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s� �f�o�r� �s�p�e�n�t�~� 

�f�u�e�l� �d�i�s�c�h�a�r�g�e� �i�n� �t�h�e� �f�i�r�s�t�,� �f�i�f�t�h�,� �t�e�n�t�h�,� �f�i�f�t�e�e�n�t�h�,� �a�n�d� �t�w�e�n�t�i�e�t�h� 

�y�e�a�r� �o�f� �t�h�e� �h�o�r�i�z�o�n�.� �I�n� �t�h�e� �b�a�s�e� �c�a�s�e�,� �t�h�i�s� �i�s� �f�o�r� �a� �W�e�s�t�i�n�g�h�o�u�s�e� 

�a�s�s�e�m�b�l�y�.� �A�s� �i�s� �d�e�t�e�r�m�i�n�e�d� �f�r�o�m� �t�h�e� �d�a�t�a�,� �a�s�s�e�m�b�l�i�e�s� �d�i�s�c�h�a�r�g�e�d� �l�a�t�e�r� 

�i�n� �t�h�e� �h�o�r�i�z�o�n� �a�c�t�u�a�l�l�y� �d�e�c�r�e�a�s�e� �i�n� �v�a�l�u�e�.� �T�h�i�s� �i�s� �d�u�e� �t�o� �t�h�e� �r�a�t�e� �o�f� 

�i�n�c�r�e�a�s�e� �i�n� �s�t�o�r�a�g�e� �c�o�s�t�s� �e�x�c�e�e�d�i�n�g� �t�h�e� �c�u�m�u�l�a�t�i�v�e� �r�a�t�e� �o�f� �i�n�c�r�e�a�s�e� �i�n� 

�t�h�e� �v�a�l�u�e� �o�f� �u�r�a�n�i�u�m� �a�n�d� �p�l�u�t�o�n�i�u�m� �i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l�.� �S�i�m�i�l�a�r� �d�a�t�a� 

�i�s� �o�b�t�a�i�n�e�d� �f�o�r� �t�h�e� �o�t�h�e�r� �P�W�R� �s�y�s�t�e�m�s� �a�n�d� �t�h�e� �B�W�R� �s�y�s�t�e�m�.� �T�h�i�s� �d�a�t�a� �i�s� 

�l�i�s�t�e�d� �i�n� �T�a�b�l�e�s� �5�.�2�-�5�.�4�.� 

�B�.� �I�m�p�l�e�m�e�n�t�a�t�i�o�n� �o�f� �t�h�e� �M�o�d�e�l� �a�n�d� �P�r�o�c�e�d�u�r�a�l� �S�u�m�m�a�r�y� 

�T�h�e� �s�p�e�n�t�-�f�u�e�l�-�i�n�v�e�n�t�o�r�y�~�-�w�i�t�h�d�r�a�w�a�l� �m�o�d�e�l� �i�s� �i�m�p�l�e�m�e�n�t�e�d� �o�n� �t�h�e� 

�V�i�r�g�i�n�i�a� �P�o�l�y�t�e�c�h�n�i�c� �I�n�s�t�i�t�u�t�e� �a�n�d� �S�t�a�t�e� �U�n�i�v�e�r�s�i�t�y� �I�B�M� �c�o�m�p�u�t�e�r� 

�S�y�s�t�e�m�/�3�7�0� �M�o�d�e�l� �1�5�8�5� �u�s�i�n�g� �a� �p�r�o�p�r�i�e�t�o�r�y� �m�a�t�h�e�m�a�t�i�c�a�l�.� �p�r�o�g�r�a�m�m�i�n�g� 

�s�y�s�t�e�m�-�-�M�P�S� �I�I�r�,�2�6� �a�n�d� �b�y� �u�s�i�n�g� �t�h�e� �O�u�t�-�o�f�-�K�i�l�t�e�r�-� �a�l�g�o�r�i�t�h�m�.� �1�9� 

�T�h�e� �O�u�t�-�o�f�-�K�i�l�t�e�r� �a�l�g�o�r�i�t�h�m� �d�e�v�e�l�o�p�e�d� �b�y� �F�u�l�k�e�r�s�o�n� �i�s� �a� �m�e�t�h�o�d� �o�f� 

�s�o�l�v�i�n�g� �m�i�n�i�m�a�l�-�c�o�s�t� �n�e�t�w�o�r�k� �f�l�o�w� �p�r�o�b�l�e�m�s�.� �T�h�e� �m�e�t�h�o�d� �b�e�g�i�n�s� �w�i�t�h� �a�n� 

�a�r�b�i�t�r�a�r�y� �f�l�o�w�,� �f�e�a�s�i�b�l�e� �o�r� �n�o�t�,� �t�o�g�e�t�h�e�r� �w�i�t�h� �a�n� �a�r�b�i�t�r�a�r�y� �p�r�i�c�i�n�g� 

�v�e�c�t�o�r�,� �a�n�d� �t�h�e�n� �u�s�e�s� �a� �l�a�b�e�l�i�n�g� �p�r�o�c�e�d�u�r�e� �t�o� �a�d�j�u�s�t� �a�n� �a�r�c� �o�f� �t�h�e� �n�e�t�-� 

�w�o�r�k� �t�h�a�t� �f�a�i�l�s� �t�o� �s�a�t�i�s�f�y� �t�h�e� �a�p�p�r�o�p�r�i�a�t�e� �o�p�t�i�m�a�l�i�t�y� �p�r�o�p�e�r�t�i�e�s�.� �T�h�i�s� 

�a�l�g�o�r�i�t�h�m� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �a�p�p�l�i�c�a�b�l�e� �t�o� �t�h�e� �H�i�t�c�h�c�o�c�k� �p�r�o�b�l�e�m� �f�o�r�m�u�l�a�-� 

�t�i�o�n�.� �|� 

�M�P�S� �I�I�I� �i�s� �a� �m�o�d�u�l�a�r� �m�a�t�h�e�m�a�t�i�c�a�l� �p�r�o�g�r�a�m�m�i�n�g� �s�y�s�t�e�m� �c�o�n�s�i�s�t�i�n�g� �o�f� 

�s�e�v�e�r�a�l� �c�o�m�p�o�n�e�n�t�s�.� �I�t�s� �B�A�S�I�C� �s�y�s�t�e�m� �p�r�o�v�i�d�e�s� �t�h�e� �s�y�s�t�e�m� �c�o�n�t�r�o�l� �a�n�d� 

�t�h�e� �s�t�a�n�d�a�r�d� �o�p�t�i�m�i�z�a�t�i�o�n� �p�r�o�c�e�d�u�r�e�.� �T�h�i�s� �s�y�s�t�e�m� �i�n�c�o�r�p�o�r�a�t�e�s� �a� �v�e�r�y� 

�h�i�g�h�-�s�p�e�e�d� �m�a�t�r�i�x� �i�n�v�e�r�s�i�o�n� �m�e�t�h�o�d� �u�t�i�l�i�z�i�n�g� �t�h�e� �p�r�e�a�s�s�i�g�n�e�d� �p�i�v�o�t
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�p�r�o�c�e�d�u�r�e� �f�o�r� �s�p�a�r�s�e� �m�a�t�r�i�x� �i�n�v�e�r�s�i�o�n�.� �T�h�e� �V�A�R�I�F�O�R�M� �m�o�d�u�l�e� �p�r�e�p�a�r�e�s� �a� 

�m�o�d�e�l� �f�o�r� �s�o�l�u�t�i�o�n�,� �s�o�l�v�e�s� �t�h�e� �m�o�d�e�l�,� �a�n�d� �p�r�i�n�t�s� �t�h�e� �a�n�s�w�e�r�s� �f�r�o�m� �t�h�e� 

�s�o�l�u�t�i�o�n�.� �T�h�e� �V�A�R�I�F�O�R�M� �M�o�d�u�l�e� �c�a�n� �b�e� �i�n�s�t�r�u�c�t�e�d� �t�o� �m�i�n�i�m�i�z�e� �o�r� �m�a�x�i�m�i�z�e� 

�t�h�e� �o�b�j�e�c�t�i�v�e� �f�u�n�c�t�i�o�n�,� �t�h�u�s� �y�i�e�l�d�i�n�g� �a� �u�s�e�r� �d�e�t�e�r�m�i�n�e�d� �o�p�t�i�m�i�z�a�t�i�o�n�.� 

�A�d�d�i�t�i�o�n�a�l� �f�e�a�t�u�r�e�s� �o�f� �t�h�e� �M�P�S� �I�I�I� �s�y�s�t�e�m� �a�r�e� �d�e�s�c�r�i�b�e�d� �i�n� �t�h�e� �l�i�t�e�r�-� 

�a�t�u�r�e�.� �2�6� 

�I�n�i�t�i�a�l� �t�r�i�a�l� �e�x�e�c�u�t�i�o�n�s� �a�r�e� �a�t�t�e�m�p�t�e�d� �t�o� �d�e�t�e�r�m�i�n�e� �w�h�i�c�h� �o�f� �t�h�e� 

�t�w�o� �s�o�l�u�t�i�o�n� �t�e�c�h�n�i�q�u�e�s� �a�r�e� �t�o� �b�e� �u�s�e�d�.� �T�h�e� �O�u�t�-�o�f�-�K�i�l�t�e�r� �a�l�g�o�r�i�t�h�m� 

�o�f�f�e�r�s� �a� �r�e�d�u�c�t�i�o�n� �i�n� �t�h�e� �d�a�t�a� �h�a�n�d�l�i�n�g� �b�u�t� �p�r�o�v�e�d� �l�e�s�s� �c�o�m�p�u�t�a�t�i�o�n�a�l�l�y� 

�e�f�f�i�c�i�e�n�t�.� �A�n� �a�v�e�r�a�g�e� �e�x�e�c�u�t�i�o�n� �o�f� �t�h�e� �O�u�t�-�o�f�~�K�i�l�t�e�r� �c�o�d�e� �y�i�e�l�d�s� 

�o�p�t�i�m�a�l� �r�e�s�u�l�t�s� �a�f�t�e�r� �4�3� �m�i�n�u�t�e�s� �o�f� �C�P�U� �t�i�m�e�.� �T�h�e� �M�P�S� �I�I�I� �s�y�s�t�e�m� �h�a�s� 

�t�h�e� �d�i�s�a�d�v�a�n�t�a�g�e� �o�f� �m�u�c�h� �d�a�t�a� �h�a�n�d�l�i�n�g� �b�u�t� �a� �t�y�p�i�c�a�l� �e�x�e�c�u�t�i�o�n� �t�i�m�e� 

�a�v�e�r�a�g�e�s� �o�n�l�y� �3�0� �s�e�c�o�n�d�s�.� �T�h�u�s�,� �t�h�e� �w�i�t�h�d�r�a�w�a�l� �p�r�o�b�l�e�m� �i�s� �s�o�l�v�e�d� �u�s�i�n�g� 

�t�h�e� �M�P�S� �I�I�I� �s�y�s�t�e�m�.� 

�T�h�e� �p�r�o�c�e�d�u�r�e� �f�o�r� �o�b�t�a�i�n�i�n�g� �s�o�l�u�t�i�o�n�s� �f�o�r� �t�h�e� �s�p�e�n�t�-�f�u�e�l�-�w�i�t�h�d�r�a�w�a�l� 

�p�r�o�b�l�e�m� �i�n�v�o�l�v�e�s� �t�w�o� �b�a�s�i�c� �c�o�m�p�u�t�a�t�i�o�n�s�.� �T�h�e� �f�i�r�s�t� �i�s� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� 

�t�h�e� �b�a�s�e� �c�a�s�e� �d�a�t�a� �a�s� �e�s�t�a�b�l�i�s�h�e�d� �i�n� �C�h�a�p�t�e�r� �4�.� �T�h�i�s� �i�n�v�o�l�v�e�s� �t�h�e� 

�c�a�l�c�u�l�a�t�i�o�n� �o�f� �t�h�e� �c�o�s�t� �c�o�e�f�f�i�c�i�e�n�t�s� �a�s� �g�i�v�e�n� �p�a�r�t�i�a�l�l�y� �i�n� �T�a�b�l�e�s� �5�.�1�-� 

�5�.�4� �f�r�o�m� �t�h�e� �d�a�t�a� �g�e�n�e�r�a�t�i�n�g� �c�o�d�e�.� �E�a�c�h� �o�f� �t�h�e� �p�r�i�m�a�r�y� �c�o�s�t� �c�o�m�p�o�n�e�n�t�s�,� 

�u�r�a�n�i�u�m� �c�o�s�t�s�,� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �c�o�s�t�s�,� �a�n�d� �s�t�o�r�a�g�e� �c�o�s�t�s�,� �a�r�e� �u�t�i�l�i�z�e�d� 

�a�t� �t�h�e�i�r� �p�r�o�j�e�c�t�e�d� �v�a�l�u�e�s�.� �|� 

�T�h�e� �s�e�c�o�n�d� �p�h�a�s�e� �o�f� �t�h�e� �c�o�m�p�u�t�a�t�i�o�n� �i�n�v�o�l�v�e�s� �t�e�s�t�i�n�g� �t�h�e� �s�e�n�s�i�-� 

�t�i�v�i�t�y� �o�n� �t�h�e� �f�i�r�s�t� �d�i�s�c�h�a�r�g�e�'�s� �p�r�o�f�i�t�a�b�i�l�i�t�y� �a�r�e� �s�h�o�w�n� �i�n� �F�i�g�u�r�e�s� �5�.�1� 

�a�n�d� �5�.�2� �f�o�r� �t�h�e� �W�e�s�t�i�n�g�h�o�u�s�e� �a�n�d� �G�e�n�e�r�a�l� �E�l�e�c�t�r�i�c� �s�y�s�t�e�m�s�.� �N�o�t�e� �t�h�a�t� 

�u�r�a�n�i�u�m� �p�r�i�c�e�s� �a�n�d� �s�t�o�r�a�g�e� �c�o�s�t�s� �p�r�o�v�e� �t�o� �b�e� �t�h�e� �m�o�s�t� �s�e�n�s�i�t�i�v�e� �p�a�r�a�-



�9�6� 

�m�e�t�e�r�s� �t�h�a�t� �d�e�t�e�r�m�i�n�e� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �t�h�e� �s�p�e�n�t�-�f�u�e�l� �w�i�t�h� �t�i�m�e� �f�o�r� 

�t�h�i�s� �s�t�u�d�y�.� �W�h�e�n� �s�t�o�r�a�g�e� �c�o�s�t�s� �i�n�c�r�e�a�s�e� �a�t� �a� �r�a�t�e� �g�r�e�a�t�e�r� �t�h�a�n� �t�h�a�t� 

�f�o�r� �t�h�e� �v�a�l�u�e� �o�f� �u�r�a�n�i�u�m� �a�n�d� �p�l�u�t�o�n�i�u�m� �i�n� �a�n� �a�s�s�e�m�b�l�y�,� �a� �l�o�s�s� �i�n� �v�a�l�u�e� 

�o�c�c�u�r�s� �w�i�t�h� �t�i�m�e�.� �T�h�i�s� �i�s� �p�a�r�t�i�c�u�l�a�r�l�y� �t�r�u�e� �f�o�r� �1�2�0�%� �s�t�o�r�a�g�e� �c�o�s�t� �a�n�d� 

�8�0�%� �u�r�a�n�i�u�m� �c�o�s�t� �p�r�o�j�e�c�t�i�o�n�s�.� �W�h�e�n� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� �u�r�a�n�i�u�m� �a�n�d� 

�p�l�u�t�o�n�i�u�m� �i�n� �t�h�e� �a�s�s�e�m�b�l�y� �i�n�c�r�e�a�s�e�s� �a�t� �a� �r�a�t�e� �t�h�a�t� �f�a�r� �e�x�c�e�e�d�s� �t�h�e� �r�a�t�e� 

�o�f� �i�n�c�r�e�a�s�e� �o�f� �t�h�e� �s�t�o�r�a�g�e� �c�o�s�t�s�,� �a� �n�o�t�i�c�e�a�b�l�e� �i�n�c�r�e�a�s�e� �i�n� �p�r�o�f�i�t�-� 

�a�b�i�l�i�t�y� �p�e�r� �a�s�s�e�m�b�l�y� �o�v�e�r� �t�i�m�e� �i�s� �n�o�t�e�d�.� �T�h�i�s� �i�s� �t�h�e� �c�a�s�e� �f�o�r� �1�2�0�%� �o�f� 

�t�h�e� �u�r�a�n�i�u�m� �p�r�i�c�e�,� �a�n�d� �f�o�r� �8�0�%� �o�f� �t�h�e� �s�t�o�r�a�g�e� �c�o�s�t� �p�r�o�j�e�c�t�i�o�n�s�.� �L�i�t�t�l�e� 

�e�f�f�e�c�t� �o�n� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �p�r�o�f�i�l�e� �i�s� �n�o�t�e�d� �f�o�r� �v�a�r�i�a�t�i�o�n�s� �i�n� �t�h�e� 

�p�r�i�c�e� �o�f� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k�.� 

�T�h�e� �f�i�n�a�l� �s�t�e�p� �i�n� �t�h�e� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �m�o�d�e�l� �i�s� �t�o� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�e�f�f�e�c�t� �o�f� �p�r�o�h�i�b�i�t�i�n�g� �p�l�u�t�o�n�i�u�m� �r�e�c�y�c�l�e� �s�o� �t�h�a�t� �o�n�l�y� �u�r�a�n�i�u�m� �r�e�c�y�c�l�e� 

�o�c�c�u�r�s�.� �D�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e�s� �5�.�3� �a�n�d� �5�.�4� �a�r�e� �t�h�e� �W�e�s�t�i�n�g�h�o�u�s�e� �P�W�R� �a�n�d� 

�G�E� �B�W�R� �p�r�o�f�i�t�a�b�i�l�i�t�y� �p�r�o�f�i�l�e�s� �f�o�r� �t�h�e� �f�i�r�s�t� �d�i�s�c�h�a�r�g�e� �u�n�d�e�r� �t�h�e� �c�o�n�-� 

�d�i�t�i�o�n� �o�f� �n�o� �p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t�.� �A�s� �c�a�n� �b�e� �s�e�e�n�,� �f�r�o�m� �t�h�e� �p�r�o�f�i�l�e�s�,� �a� 

�n�o�t�a�b�l�e� �d�e�c�r�e�a�s�e� �i�n� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �v�e�r�s�u�s� �t�i�m�e� �o�c�c�u�r�s� �f�o�r� �a�l�l� �c�a�s�e�s� 

�e�x�c�e�p�t� �1�2�0�%� �o�f� �u�r�a�n�i�u�m� �p�r�i�c�e� �a�n�d� �8�0�%� �o�f� �s�t�o�r�a�g�e� �c�o�s�t�s�.� �T�h�i�s� �i�s� 

�a�t�t�r�i�b�u�t�e�d� �t�o� �t�h�e� �f�a�c�t� �t�h�a�t� �w�i�t�h�o�u�t� �p�l�u�t�o�n�i�u�m� �r�e�c�y�c�l�e�,� �t�h�e� �v�a�l�u�e� �o�f� �t�h�e� 

�s�p�e�n�t�-�f�u�e�l� �i�s� �m�i�n�i�m�i�z�e�d� �t�o� �a� �p�o�i�n�t� �t�h�a�t� �t�h�e� �a�d�d�i�t�i�o�n� �o�f� �h�o�l�d�i�n�g� �c�o�s�t�s� 

�e�a�c�h� �y�e�a�r� �e�x�c�e�e�d�s� �t�h�e� �r�a�t�e� �a�t� �w�h�i�c�h� �t�h�e� �u�r�a�n�i�u�m� �i�n� �t�h�e� �s�p�e�n�t�-�f�u�e�l� 

�i�n�c�r�e�a�s�e�s� �i�n� �v�a�l�u�e�.� �A� �v�e�r�y� �s�l�i�g�h�t� �i�n�c�r�e�a�s�e� �i�n� �v�a�l�u�e� �w�i�t�h� �t�i�m�e� �i�s� 

�n�o�t�e�d� �f�o�r� �t�h�e� �1�2�0�%� �u�r�a�n�i�u�m� �p�r�i�c�e� �a�n�d� �8�0�%� �s�t�o�r�a�g�e� �c�o�s�t�s� �p�r�o�f�i�l�e�s�.� �H�o�w�-� 

�e�v�e�r�,� �o�n�c�e� �a�g�a�i�n�,� �a�s� �t�i�m�e� �i�n� �s�t�o�r�a�g�e� �i�n�c�r�e�a�s�e�s�,� �t�h�e� �v�a�l�u�e� �b�e�g�i�n�s� �t�o� 

�d�e�c�r�e�a�s�e� �a�n�d� �a� �m�e�a�s�u�r�e�a�b�l�e� �l�o�s�s� �i�s� �i�n�c�u�r�r�e�d�.
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�1�0�3� 

�i�n�d�i�c�a�t�e� �t�h�a�t� �t�h�e� �"�f�r�e�s�h�e�s�t�"� �d�i�s�c�h�a�r�g�e�d� �f�u�e�l� �s�h�o�u�l�d� �b�e� �u�s�e�d� �f�i�r�s�t� �i�n� 

�m�e�e�t�i�n�g� �r�e�p�r�o�c�e�s�s�i�n�g� �d�e�m�a�n�d�.� �T�h�i�s� �L�I�F�O� �p�o�l�i�c�y� �p�r�e�v�a�i�l�s� �a�l�s�o� �f�o�r� 

�v�a�r�i�a�t�i�o�n�s� �i�n� �d�e�m�a�n�d� �b�y� �+�1�5�%� �a�n�d� �+�3�0�%�.� �T�h�e� �r�e�s�u�l�t�s� �i�n� �F�i�g�u�r�e�s� �6�.�1� �a�n�d� 

�6�.�2� �a�r�e� �f�o�r� �t�h�e� �W�e�s�t�i�n�g�h�o�u�s�e� �P�W�R�,� �w�h�i�c�h� �i�s� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� �o�f� �t�h�e� �P�W�R� 

�s�y�s�t�e�m�s�.� �A�n� �e�x�a�m�i�n�a�t�i�o�n� �o�f� �t�h�e� �G�E� �B�W�R�/�6� �s�y�s�t�e�m� �a�l�s�o� �y�i�e�l�d�s� �t�h�e� �L�I�F�O� 

�s�e�l�e�c�t�i�o�n� �r�u�l�e�.� �I�n�d�i�v�i�d�u�a�l� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �c�a�s�e�s� �e�x�a�m�i�n�e�d� �a�r�e� �i�n�c�l�u�d�e�d� 

�i�n� �A�p�p�e�n�d�i�x� �A�.� 

�T�o� �i�n�t�e�r�p�r�e�t� �t�h�e�s�e� �f�i�g�u�r�e�s�,� �a�n�d� �t�h�o�s�e� �t�h�a�t� �w�i�l�l� �a�p�p�e�a�r� �i�n� �t�h�e� 

�r�e�m�a�i�n�d�e�r� �o�f� �t�h�i�s� �c�h�a�p�t�e�r� �a�n�d� �A�p�p�e�n�d�i�x� �A�,� �a� �n�o�t�e� �o�f� �e�x�p�l�a�n�a�t�i�o�n� �i�s� 

�a�p�p�r�o�p�r�i�a�t�e�.� �A�s�s�o�c�i�a�t�e�d� �w�i�t�h� �t�h�e� �r�o�w�s� �o�f� �t�h�e� �t�a�b�l�e� �a�r�e� �t�h�e� �s�u�p�p�l�y� �o�f� 

�f�u�e�l� �a�s�s�e�m�b�l�i�e�s�.� �T�h�e� �l�e�f�t� �e�n�d� �o�f� �t�h�e� �t�a�b�l�e� �l�i�s�t�s� �t�h�e� �y�e�a�r� �o�f� �d�i�s�c�h�a�r�g�e� 

�a�n�d� �r�i�g�h�t� �s�i�d�e� �l�i�s�t�s� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �d�i�s�c�h�a�r�g�e�d� 

�(�s�u�p�p�l�y�)�.� �L�i�s�t�e�d� �a�t� �t�h�e� �t�o�p� �o�f� �t�h�e� �t�a�b�l�e� �i�s� �t�h�e� �y�e�a�r� �o�f� �d�e�m�a�n�d� �a�n�d� �a�t� 

�t�h�e� �b�o�t�t�o�m� �o�f� �t�h�e� �t�a�b�l�e�,� �t�h�e� �a�s�s�o�c�i�a�t�e�d� �n�u�m�b�e�r� �o�f� �a�s�s�e�m�b�l�i�e�s� �d�e�m�a�n�d�e�d�.� 

�A�l�s�o� �i�n�c�l�u�d�e�d� �i�n� �t�h�e� �c�o�l�u�m�n� �s�e�c�t�i�o�n� �i�s� �a� �c�o�l�u�m�n� �d�e�n�o�t�e�d� �a�s� �T�.�:� �T�h�e� �t�e�r�m� 

�I�g� �d�e�n�o�t�e�s� �t�h�e� �s�l�a�c�k� �i�n�v�e�n�t�o�r�y� �o�r� �t�h�e� �n�u�m�b�e�r� �o�f� �s�p�e�n�t�~�f�u�e�l� �a�s�s�e�m�b�l�i�e�s� 

�r�e�s�i�d�i�n�g� �i�n� �i�n�v�e�n�t�o�r�y� �a�t� �t�h�e� �e�n�d� �o�f� �t�h�e� �h�o�r�i�z�o�n�.� �O�p�t�i�m�a�l� �d�e�c�i�s�i�o�n�s� �a�r�e� 

�g�i�v�e�n� �i�n� �t�h�e� �r�e�c�t�a�n�g�u�l�a�r� �b�o�x� �e�n�c�l�o�s�e�d� �i�n� �d�o�u�b�l�e� �l�i�n�e�s� �f�o�r� �e�m�p�h�a�s�i�s�.� 

�F�o�r� �e�x�a�m�p�l�e�,� �f�r�o�m� �F�i�g�u�r�e� �6�.�1�,� �a� �p�a�r�t�i�a�l� �i�n�t�e�r�p�r�e�t�a�t�i�o�n� �i�s� �t�h�a�t� �o�f� �t�h�e� �6�4� 

�a�s�s�e�m�b�l�i�e�s� �d�i�s�c�h�a�r�g�e�d� �i�n� �1�9�7�8�,� �2�1� �a�s�s�e�m�b�l�i�e�s� �a�r�e� �u�s�e�d� �i�n� �m�e�e�t�i�n�g� �d�e�m�a�n�d� 

�i�n� �1�9�8�0�,� �w�i�t�h� �t�h�e� �r�e�m�a�i�n�i�n�g� �4�3� �a�s�s�e�m�b�l�i�e�s� �l�e�f�t� �i�n� �t�h�e� �s�t�o�r�a�g�e� �p�o�o�l� �a�t� 

�t�h�e� �e�n�d� �o�f� �t�h�e� �h�o�r�i�z�o�n�.� �S�i�m�i�l�a�r� �a�n�a�l�y�s�e�s� �c�a�n� �b�e� �p�e�r�f�o�r�m�e�d� �f�o�r� �e�a�c�h� 

�d�i�s�c�h�a�r�g�e� �p�e�r�i�o�d� �i�n� �t�h�e� �f�i�g�u�r�e�.� 

�U�p�o�n� �a�n�a�l�y�s�i�s� �o�f� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�a�s�e�s� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �p�l�u�t�o�n�i�u�m� 

�m�a�r�k�e�t�,� �n�o�n�-�u�n�i�q�u�e� �o�r� �n�o�n�-�d�i�s�t�i�n�c�t�i�v�e� �p�o�l�i�c�i�e�s� �a�r�e� �f�o�u�n�d�.� �T�h�i�s� �c�a�n� �b�e� 

�s�e�e�n� �i�n� �F�i�g�u�r�e�s� �6�.�3� �a�n�d� �6�.�4�.� �F�i�g�u�r�e� �6�.�3� �i�s� �t�h�e� �b�a�s�e� �c�a�s�e� �a�n�a�l�y�s�i�s� �f�o�r
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�1�0�6� 

�t�h�e� �c�o�s�t� �p�a�r�a�m�e�t�e�r�s�,� �a�n�d� �F�i�g�u�r�e� �6�.�4� �d�e�p�i�c�t�s� �t�h�e� �s�o�l�u�t�i�o�n� �f�o�r� �1�2�0�%� �o�f� 

�t�h�e� �u�r�a�n�i�u�m� �p�r�i�c�e�s� �f�o�r� �t�h�e� �W�e�s�t�i�n�g�h�o�u�s�e� �P�W�R�.� �A�s� �c�a�n� �b�e� �i�n�t�e�r�p�r�e�t�e�d� 

�f�r�o�m� �t�h�e� �f�i�g�u�r�e�s�,� �s�o�m�e� �o�f� �t�h�e� �"�f�r�e�s�h�e�s�t�"� �s�p�e�n�t�-�f�u�e�l� �i�s� �u�t�i�l�i�z�e�d� �i�n� 

�m�e�e�t�i�n�g� �d�e�m�a�n�d�,� �b�u�t� �t�h�e� �q�u�a�n�t�i�t�y� �f�r�o�m� �a� �s�p�e�c�i�f�i�c� �d�i�s�c�h�a�r�g�e� �p�e�r�i�o�d� �i� �i�n� 

�m�e�e�t�i�n�g� �d�e�m�a�n�d� �i�n� �p�e�r�i�o�d� �n� �v�a�r�i�e�s�.� �T�h�i�s� �p�r�o�v�e�d� �t�o� �b�e� �t�y�p�i�c�a�l� �o�f� �t�h�e� 

�s�i�t�u�a�t�i�o�n�s� �e�x�a�m�i�n�e�d� �i�n� �t�h�e� �a�b�s�e�n�c�e� �o�f� �a� �p�l�u�t�o�n�i�u�m� �m�a�r�k�e�t� �a�n�d� �f�o�r� �+�1�5�%� 

�a�n�d� �+�3�0�%� �i�n�c�r�e�a�s�e�s� �i�n� �t�h�e� �d�e�m�a�n�d� �r�a�t�e�s�.� �F�u�r�t�h�e�r� �s�p�e�c�i�f�i�c� �r�e�s�u�l�t�s� �a�r�e� 

�l�i�s�t�e�d� �i�n� �A�p�p�e�n�d�i�x� �A�.� 

 ��A�s� �c�a�n� �b�e� �o�b�s�e�r�v�e�d� �f�r�o�m� �t�h�e� �a�n�a�l�y�s�e�s� �o�f� �t�h�e� �s�i�t�u�a�t�i�o�n�s� �e�x�a�m�i�n�e�d�,� 

�t�h�e� �s�p�e�c�i�f�i�c� �r�e�s�u�l�t�s� �a�r�e� �t�h�a�t� �t�h�e� �L�a�s�t�-�I�n�-�F�i�r�s�t�-�O�u�t� �p�o�l�i�c�y� �i�s� �t�h�e� �o�p�t�i�m�a�l� 

�c�h�o�i�c�e� �f�o�r� �s�e�l�e�c�t�i�n�g� �s�p�e�n�t�-�f�u�e�l� �f�r�o�m� �o�n�-�s�i�t�e� �s�t�o�r�a�g�e� �w�h�e�n� �P�u� �a�n�d� �U� 

�r�e�c�y�c�l�e� �o�c�c�u�r�s�.� �H�o�w�e�v�e�r�,� �n�o� �u�n�i�q�u�e� �o�r� �d�i�s�c�e�r�n�a�b�l�e� �p�o�l�i�c�y� �e�x�i�s�t�s� �f�o�r� 

�t�h�e� �s�i�t�u�a�t�i�o�n� �i�n� �w�h�i�c�h� �n�o� �p�l�u�t�o�n�i�u�m� �r�e�c�y�c�l�e� �o�c�c�u�r�s�.� 

�B�.� �R�e�a�l�i�s�t�i�c� �R�e�p�r�o�c�e�s�s�i�n�g� �S�c�e�n�a�r�i�o� 

�T�h�e� �R�e�a�l�i�s�t�i�c� �r�e�p�r�o�c�e�s�s�i�n�g� �s�c�e�n�a�r�i�o� �d�i�s�c�u�s�s�e�d� �i�n� �S�e�c�t�i�o�n� �4�-�B� 

�a�s�s�u�m�e�s� �t�h�e� �s�t�a�r�t�-�u�p� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �i�n� �1�9�8�1�.� �T�h�e� �s�e�q�u�e�n�c�e� �o�f� �t�h�e� 

�a�d�d�i�t�i�o�n� �o�f� �r�e�p�r�o�c�e�s�s�i�n�g� �c�a�p�a�c�i�t�y� �o�v�e�r� �t�i�m�e� �i�s� �t�h�e� �s�a�m�e� �f�o�r� �t�h�e� �R�e�a�l�i�s�t�i�c� 

�S�c�e�n�a�r�i�o� �a�s� �f�o�r� �t�h�e� �O�p�t�i�m�i�s�t�i�c� �S�c�e�n�a�r�i�o�.� �T�h�e� �o�n�l�y� �d�i�f�f�e�r�e�n�c�e� �i�s� �t�h�e� 

�s�t�a�r�t�-�u�p� �d�a�t�e�.� 

�A�s� �d�i�s�c�u�s�s�e�d� �i�n� �t�h�e� �p�r�e�c�e�e�d�i�n�g� �s�e�c�t�i�o�n�,� �t�w�o� �b�a�s�i�c� �s�i�t�u�a�t�i�o�n�s� �a�r�e� 

�a�n�a�l�y�z�e�d�.� �T�h�e� �f�i�r�s�t� �i�n�v�o�l�v�e�s� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �w�i�t�h� 

�e�s�t�a�b�l�i�s�h�e�d� �p�l�u�t�o�n�i�u�m� �a�n�d� �u�r�a�n�i�u�m� �r�e�c�y�c�l�e�,� �a�n�d� �t�h�e� �s�e�c�o�n�d� �s�i�t�u�a�t�i�o�n� 

�i�n�v�o�l�v�e�s� �o�n�l�y� �U� �r�e�c�y�c�l�e�.� �O�n�c�e� �a�g�a�i�n� �f�o�r� �p�u�r�p�o�s�e�s� �o�f� �s�e�n�s�i�t�i�v�i�t�y� 

�a�n�a�l�y�s�e�s�,� �t�h�e� �R�e�a�l�i�s�t�i�c� �d�e�m�a�n�d� �r�a�t�e�s� �a�r�e� �v�a�r�i�e�d� �b�y� �+�1�5�%� �a�n�d� �+�3�0�%�.� �A�l�s�o



�1�0�7� 

�f�o�r� �e�a�c�h� �e�x�e�c�u�t�i�o�n�,� �t�h�e� �p�r�i�n�c�i�p�a�l� �v�a�l�u�e� �c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �d�e�t�e�r�m�i�n�e� �t�h�e� 

�p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �(�U� �p�r�i�c�e�s�,� �S�W�U� �c�o�s�t�s�,� �a�n�d� �s�t�o�r�a�g�e� �c�o�s�t�s�)�,� 

�a�r�e� �v�a�r�i�e�d� �f�r�o�m� �t�h�e� �b�a�s�e� �m�e�a�s�u�r�e� �b�y� �+�2�0�2�.� 

�R�e�s�u�l�t�s� �f�r�o�m� �t�h�e�s�e� �a�n�a�l�y�s�e�s� �o�n�c�e� �a�g�a�i�n� �i�n�d�i�c�a�t�e� �t�h�a�t� �i�n� �t�h�e� �a�b�s�e�n�c�e� 

�o�f� �P�u� �r�e�c�y�c�l�e�,� �n�o� �d�e�f�i�n�a�t�i�v�e� �p�o�l�i�c�y� �i�s� �o�b�s�e�r�v�a�b�l�e�.� �T�h�i�s� �i�s� �d�e�p�i�c�t�e�d� 
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�w�i�t�h� �t�h�e� �o�n�l�y� �d�i�f�f�e�r�e�n�c�e� �b�e�i�n�g� �t�h�e� �a�c�t�u�a�l� �s�t�a�r�t�-�u�p� �d�a�t�e�s�.� �A�s� �d�i�s�c�u�s�s�e�d� 

�i�n� �S�e�c�t�i�o�n� �A�,� �t�w�o� �b�a�s�i�c� �s�i�t�u�a�t�i�o�n�s� �a�r�e� �a�n�a�l�y�z�e�d�.� �T�h�e� �f�i�r�s�t� �i�n�v�o�l�v�e�s� 

�t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �s�p�e�n�t�~�f�u�e�l� �w�i�t�h� �p�l�u�t�o�n�i�u�m� �a�n�d� �u�r�a�n�i�u�m� �r�e�c�y�c�l�e�,� 

�a�n�d� �t�h�e� �s�e�c�o�n�d� �s�i�t�u�a�t�i�o�n� �i�n�v�o�l�v�e�s� �o�n�l�y� �u�r�a�n�i�u�m� �r�e�c�y�c�l�e�.� �A�g�a�i�n�,� �f�o�r� 

�p�u�r�p�o�s�e�s� �o�f� �s�e�n�s�i�t�i�v�i�t�y� �a�n�a�l�y�s�e�s�,� �t�h�e� �P�e�s�s�i�m�i�s�t�i�c� �d�e�m�a�n�d� �r�a�t�e�s� �a�r�e� 

�v�a�r�i�e�d� �b�y� �+�1�5�%� �a�n�d� �+�3�0�%�.� �A�l�s�o� �f�o�r� �e�a�c�h� �e�x�e�c�u�t�i�o�n�,� �t�h�e� �p�r�i�n�c�i�p�a�l� 

�v�a�l�u�e� �c�o�m�p�o�n�e�n�t�s� �t�h�a�t� �d�e�t�e�r�m�i�n�e� �t�h�e� �p�r�o�f�i�t�a�b�i�l�i�t�y� �o�f� �s�p�e�n�t�-�f�u�e�l� �(�U� 

�p�r�i�c�e�s�,� �S�W�U� �c�o�s�t�s�,� �a�n�d� �s�t�o�r�a�g�e� �c�o�s�t�s�)�,� �a�r�e� �v�a�r�i�e�d� �f�r�o�m� �t�h�e� �b�a�s�e� �v�a�l�u�e�s� 
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�R�e�s�u�l�t�s� �f�r�o�m� �t�h�e� �a�n�a�l�y�s�e�s� �c�o�n�d�u�c�t�e�d� �o�n�c�e� �a�g�a�i�n� �i�n�d�i�c�a�t�e� �t�h�a�t� �i�n� 

�t�h�e�.� �a�b�s�e�n�c�e� �o�f� �P�u�-�r�e�c�y�c�l�e�,� �n�o� �u�n�i�q�u�e� �p�o�l�i�c�y� �i�s� �o�b�s�e�r�v�a�b�l�e�.� �T�h�i�s� �i�s� 

�d�e�p�i�c�t�e�d� �i�n� �F�i�g�u�r�e�s� �6�.�9� �a�n�d� �6�.�1�0� �f�o�r� �t�h�e� �W�e�s�t�i�n�g�h�o�u�s�e� �P�W�R�.� �R�e�s�u�l�t�s� �a�r�e� 

�f�o�r� �b�a�s�e� �c�o�s�t�s� �a�n�d� �1�2�0�%� �u�r�a�n�i�u�m� �p�r�i�c�e�s�,� �r�e�s�p�e�c�t�i�v�e�l�y�.� �S�i�m�i�l�a�r� �r�e�s�u�l�t�s� 

�o�f� �n�o�n�-�u�n�i�q�u�e�n�e�s�s� �a�r�e� �e�v�i�d�e�n�t� �w�h�e�n� �d�e�m�a�n�d� �i�n�c�r�e�a�s�e�s� �b�y� �+�1�5�%� �a�n�d� �+�3�0�2� 

�o�v�e�r� �t�h�e� �b�a�s�e� �d�e�m�a�n�d�,� �a�n�d� �w�h�e�n� �e�x�a�m�i�n�e�d� �u�n�d�e�r� �t�h�e� �d�i�f�f�e�r�e�n�t� �c�o�s�t� 

�c�o�m�p�o�n�e�n�t� �v�a�r�i�a�t�i�o�n�s� �o�f� �+�2�0�2�.� 

�W�h�e�n� �P�u� �a�n�d� �U� �r�e�c�y�c�l�e� �o�c�c�u�r�s� �a�n�d� �a� �m�a�r�k�e�t� �e�x�i�s�t�s� �f�o�r� �e�a�c�h�,� �t�h�e� 

�L�a�s�t�-�I�n�-�F�i�r�s�t�-�O�u�t� �s�e�l�e�c�t�i�o�n� �r�u�l�e� �i�s� �a�g�a�i�n� �o�p�t�i�m�a�l�.� �T�h�e� �o�n�l�y� �m�o�d�i�f�i�-� 

�c�a�t�i�o�n�s� �n�o�t�e�d� �a�r�e� �t�h�a�t� �w�h�e�n� �d�e�m�a�n�d� �i�s� �i�n�c�r�e�a�s�e�d� �b�y� �3�0�%�,� �a� �m�o�d�i�f�i�e�d� �L�I�F�O� 

�s�e�l�e�c�t�i�o�n� �r�u�l�e� �i�s� �o�b�s�e�r�v�e�d� �w�h�e�n� �u�r�a�n�i�u�m� �p�r�i�c�e�s� �a�r�e� �i�n�c�r�e�a�s�e�d� �b�y� �2�0�%� �a�n�d� 

�w�h�e�n� �s�e�p�a�r�a�t�i�v�e� �w�o�r�k� �p�r�i�c�e�s� �a�r�e� �d�e�c�r�e�a�s�e�d� �b�y� �2�0�%�.� �T�h�e�s�e� �r�e�p�r�e�s�e�n�t�a�t�i�v�e� 

�r�e�s�u�l�t�s� �f�o�r� �t�h�e� �P�e�s�s�i�m�i�s�t�i�c� �S�c�e�n�a�r�i�o� �a�r�e� �g�i�v�e�n� �i�n� �F�i�g�u�r�e�s� �6�.�1�1�-�6�.�1�3�.� 

�T�h�e� �i�n�d�i�v�i�d�u�a�l�i�z�e�d� �r�e�s�u�l�t�s� �f�o�r� �t�h�e� �o�t�h�e�r� �s�y�s�t�e�m�s� �e�x�a�m�i�n�e�d� �a�r�e� �g�i�v�e�n� �i�n� 

�A�p�p�e�n�d�i�x� �A�.
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