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1.0 INTRODUCTION

The contribution of the nuclear fuel cost to the total cost of producing
electricity represents the advantage thét nuclear-fueled electrical generating'
stations have over fossil~fueled stations. Since nuclear fuel provides a
means by which utilities can reduce energy production costs over the life of
a generating station, there is a continuing need for reliable nuclear fuel
cost calculations. However, calculations for the nuclear fuel cost are
complicated because there are many processes involved and the cost of maintaining
a substantlal capital investment over a long period of time must be considered.

Processes which are involved in the preparation, use, and disposal of
the fuel are: 1) Low grade uranium ore must be mined, milled, refined, .
enriched, and fabricated into elements which are mechanically and neutronically
acceptable to a particular nuclear reactor. 2) Once placed into a reactor,
the fuel elements produce energy but also a substantial number of isotopes
which range in value from highly detrimental and dangerous to very valuable
and useful. 3) Upon removal from the reactor, the fuel element still contains
a valuable material, but requires special handling during movement and
reprocessing. The costs of the various nuclear fuel cycle (NFC) processes
are difficult to predict with confidence over the lifetime of a nuclear
reactor (30-40 years), indeed, even over the lifetime of a single fuel element
(3-5 years).

The cost of a single element seems simple to calculate when compared to
the cost calculation of an entire reactor core. Complication in NFC cost
calculations occur for a variety of reasons: 1) Generally a reactor core is
composed of elements of varying initial isotopic composition, 2) As electrical
energy is produced, variations in neutron flux shapes combine with the

variation in compositions to produce different rates of neutronic transmutation
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within each element. 3) Fuel-elements are designed to remain in the core for
various time periods; in some cases fuel elements will be placed into the
reactor more than once.

The calculations are complicated by the necessity of accounting for the
cost {carrying charges) of the capital investment required to finance nuclear
fuel. In a fossil fuel generating station, fuel costs are characterized by
an outlay of funds essentially simultaneously with consumption. Therefore,
even with a substantial stockpile, carrying charges on fuel investment are
negligible. With nuclear fuel, however, it is necessary to provide nearly
the entire cost of the initial fuel many months before any energy is ﬁroduéed.
Even after removal from the reactor, the spent fuel has a substantial value,
which must be accounted for until the spent fuel can be sold or reprocessed.
To calculate the carrying charges, it is necessary to determine the utility
capital structure (percentage in bonds, stocks, etc.), bond interest rate,
equity return, income tax rate (federal, state, and local), and other factors
which contribute to the cost of a capital investment. These charges must
then be combined with the value of the nuclear fuel and the depreciation of
each fuel element over the entire life of a reactor core to determine the
total cost of the nuclear fuel.

Hence it is apparent that the number of computations associated with the
calculation of the nuclear fuel cost for a twenty or thirty year operating
period is very large. Hence large computer codes have been developed to
cope with the large number of calculations which must be performed. More
complicated fuel loa@ing schemes and the integrafion of several nuclear
generating stations into a utility grid have caused the computations to
become even more numerous and complex. However, the question arises:

do the results obtained by using these compufer codes justify the effort



exerted? If iInput parameters (costs) are not reliably known, operating
strategies or capabilities not well established, or calculational (accounting)
procedures not uniform, it is questionable whether these involved computer
codes have an adﬁantage over "hand-calculated" estimates with respect to
accuracy, consistancy, or application.

To answer this question, it 1s necessary to explore first the calculational
procedures used to determine if there is a method by which nuclear fuel costs
can be reasonably calculated by hand or by a simpler computer code. Comparison
with existing computer codes would determine the accuracy and consistancy of
these simpler methods. The final comparison, applicability, will concern
subjective appraisals of convenience and user needs. Therefore, an evaluation
of the methods of nuclear fuel cost calculations (with an emphasis on the
comparison between machine versus hand calculations) is the objectbof the

this work.



2.0 FUEL CYCLE COST CALCULATIONS AND UTILITY ECONOMICS

The most striking aspect of even the most elementary study of the nuclear
fuel cycle is the large number of diverse operations which must be performed
and perfectly meshed. Attempts to estimate the economic impact of each of
these operations on the cost of the extended use of uranium has led to very
involved calculational procedures. So involved are these calculations that it
is often difficult to understand the implications of the results. It is much
too naive to say that the cheaper the fuel costs, the cheaper the cost of
electricity, even though in the long run this may prove true. Moreover, the
complexity of the nuclear fuel cycle seems straight-forward when compared to
the procedures for establishing utility rates. The impact of the nuclear fuel
cost is understood through an understanding of the economics of the operating
electrical utility.

It is the economics of generating electricity which motivates detailed
cost calculations of the nuclear fuel cycle. These calculations are applied
in two major areas: reactor design evaluation and fuel management, Both
require standardized application of economic principles to provide reliable
results. The identification of appropriate economic principles leads to the
development of calculational procedures which provide standardized results for

nuclear fuel cost estimates.
2.1 Electric Utility Economics

The generation and distribution of electricity requires large capital
investments in plant and equipment. This large investment is warranted only
if there is a high use factor, which can result only when geographical fran-

chising is permitted.” It would not be in the best interest of the public if



utilities were required to compete for customers. For instance, if two
companies had customers on the same street, it would require duplication of
transmission poles and lines, and of services such as meter readings. Hence,
one company could serve all the customers with very little increase in costs.
In recognition of the advantages to the utility's customers, a single utility
is usually granted by the public (the utility's customers) exclusive rights
to provide electrical service to a given geographical area. Since there is
no competition, prices for electricity cannot be established in the usual
manner. Therefore, in exchange for the monopoly on electrical supply, the
utility must accept regulation by a government body (the ﬁublic). In the final
analysis, in utility economics there exists the unique situation where the
customer dictates the price a supplier may charge for his services.

Regulatory bodies which establish utility rate schedules must allow
utilities an adequate return on capital. The utility must make sufficient
profit from its rates to attract the capital needed to provide the assets and
working capital to render service to the public. Consequently, regulatory
bodies are in the ticklish position of weighing public desires, the situation
of current money markets, and the plans and operations of the utility. The
procedure generally followed is to detail costs associated with installed
capacity, cost of production, and cost of consumer services. These costs
are applied to two categories of customers, industrial and general, to obtain
adequate rate schedules [1].

As the above discussion illustrates, there is very little direct relation-
ship between the cost of electricity (rate schedule) and the cost of nuclear
fuel. The_relationship is lost in the compromise between utility costs and
consumer requirements. It is possible, however, to illustrate the impact of

the cost of nuclear fuel from the utilities standpoint. Table 1 shows the



Table 1, Electric Utility Cost Functions

Function Percent
Production System 55
Bulk Transmission System 7
Secondary Distribution System 25
Customer Activities and Sales 6
General Administration 7

TOTAL 100




approximate breakdown of generation costs to the electrical utility. Note
that the productibn of electricity accounts for only half of the utility's
costs, while the remainder comes from electrical distribution and customer
services. Nuclear fuel accounts for approximately 20% of the total generating
costs (see TableVZ). The actual contribution of the nuclear fuel is dependent
on the fraction of electricity generated by nuclear power. If this fraction
is 10%, for example, nuclear fuel will account for only 1% of the total cost
of electricity to the utility [2].

Is this fraction (1%) large enough to warranf very detailed calculations?
The answer is yes. First, inspection of Tables 1 and 2 indicétes that all
the utility's costs are directly related to either the number of customers or
fixed investments, except for nuclear fuel. There may be some room for
improvement in operations, but the primary means by which a utilitf using
nuclear power can decrease its costs 1s by more efficient management of
its fuel, Second, calculations [3] show that the cost of nuclear fuel over
the life of a nuclear power plant will amount to more than the capital in-
vestment in the plant itself. Since we are talking about an investment on the
order éf a billioﬁ dollars, decreasing the cost of nuclear fuel by a small
fraction can result in a savings of millions of dollars. This in itself is
adequate motivation to pursue those calculations which demonstrate the most

economical fuel schemes available.
2.2 Fuel Management

The capability of a utility to decrease operation costs by optimization
of the nuclear fuel cycle provides a continuing incentive for accurate accounting
and projections of fuel costs. The recognition of the interaction between utility

operations and planning and the cost of nuclear fuel have led to development of



Table 2. Sample Yearly Costs of Electric Energy Generation

Unit-energy

Annual Cost Cost
Cost Component 103 ¢ mills/kw-hr
Plant Investment
Depreciating Assets 45,864
Nondepreciating Assets 138
Subtotal 46,002 6.08
Fuel
Total Fuel Cost 12,890 1.70
Operation and Maintenance
Direct Cost 2,300
Working Capital 69
Subtotal 2,369 .34

Total electric energy generation cost 8.12




nuclear fuel management procedures, which are primarily concerned with mini-
mization of unit energy costs due to fuel but encompass the entire nuclear

fuel cycle. The economic calculations are identical to those performed by

the design engineer; the difference arises from the fact that nuclear fuel
management continues throughout the life of the reactor. A body of information
is developed through experience which enables the manager to more accurately
predict parameters in the nuclear fuel cost calculations. Additionally, the
projections of the fuel manager are usually for shorter time periods, making
them less susceptible to unexpected changes in prices. The nuclear fuel manager
uses the same procedures as the design engineer, but the greater accuracy

of input parameters generally makes his calculations more reliable.
2.3 Nuclear Fuel Design Calculations

In a normal business situation, the decision to invest new capital is
dictated by the expected rate of return. The expected return on the newly
invested capital should be sufficient to cover all costs and insure an attractive
profit. 1In electric utilities, however, the situation is considerably different.
The electrical utility is charged with providing all the electricity required.
Therefore the utility must expand if there is a growing demand. The decision
to invest capital does not exist, and really is not relevant since an adequate
return to capital is allowed by the regulatory bodies. The decision is how
to invést the capital. Design calculations for a utility are therefore directed
toward determination of the most advantageous choice of available alternatives.

From an englneering #iewpoint, this process would seem to be straight
forward. Simply estimate the cost of all factors involved, sum, and select the
alternative with the smallest total cost. From a business viewpoint, however,

this is a very superficial treatment. The business executive recognizes that
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the large amount of capital required (almost $1 billion for a nuclear power
plant) is not available to the utility from its own resources. Most will
have to be borrowed and then repaid after the plant is in operation. An
analysis which fails to consider the cost of borrowing this money, i.e.,
the interest pald by the utility, can result in large errors in the total
cost., The recognition of this cost certainly does not lead to simple calcu-
lations, especially if the money market is constantly changing. These two
facts, the importance and instability of capital costs, was illustrated in
a study by the now disbanded Atomic Energy Commission. The costs of capital,
which amounted to 17% of the total cost of a nuclear power plant in 1967, had
increased to 407 of the total cost by 1973 [4]. This demonstration of the
importance of the cost of using capital has led to the recognition of a
definite relationship between time and money, similar to the physical relation-
ship between mass and énergy. In order to compare adequately two designs which
call for different time schedules for investment, it is necessary to remove the
time dependence from the money-time relationship. Methods have been devised
to do this, e.g., the internal rate of feturn and present worth methods, but
before explaining these methods, it is necessary to understand the relationship
between time and money.

Early in the twentieth century, Albert Einstein proposed a scientific
theory which is now a cornerstone in man's understanding of the physical world,

E = mc2 . (2.1)

There are two variables, energy and mass, and one constant, the speed of light,
this relationship was then expanded into the special theory of relativity to
relate changes in the energy of a particle to changes in its mass.

Unlike the theory of relativity, the concept of interest (cost of borrowing

money) has existed since the earliest written record, as early as 2000 BC, 1In
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its simplest concept, iInterest is given by

I=PN1 (2.2)
In this case there are two constants: P, the amount invested (principal), and
i, the interest (a fraction of P per time interval). The variables are the
interest due, I, and the number of time intervals, N. This formula represents
the direct relationship between time (N) and money (I). In a manner similar
to the theory of relativity, this simple relationship can be expanded into
more flexible forms. Assume that the interest will not be paid until some
future date and that you must pay interest on the interest due. Therefore,
the future value, N times periods hence, of a present value, P, invested at

an interest rate, i, is given:

F = P(1+1)Y (2.3)

The most common term which pervades engineering economic analysis is
"present worth". If a certain amount of money is invested, its value a fixed
time in the future, "its future worth", is given by the compound interest
formula shown above. If the value of an améunt of money in the future is
known, its "present worth" can be determined by solving for the amount of
money you would have to invest today in order to have that known amount in the

future, or

P= Q)N F (2.4)
From a practical standpoint, it is the present worth form of the compound interest
formula which is most often applied Eo eliminate time dependence from economic
analysis.‘
In a large corporation, such as an electric utility, a project can be
financed by two types of capital: equity and debt capital. Equity capital is
that which is owned by the corporation. The most common source of this capital

is the sale of stocks, i.e., partial ownership of the company. Debt or borrowed
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capital is that capital which belongs to companies or individuals other than
the corporation. The most common way to obtain this capital is to sell bonds
or borrow directly from the money market.

The amount of equity and debt capital (often called capital structure)
becomes important when considering the term "interest". Interest is strictly
applicable only in conjunction with debt capital. Debt capital has a predetermined
payment schedule and rate of return which goes to individuals outside the
corporation. It is a cost to the corporation. The "interest” on equity capital
is actually profit for the corporation since it represents an income on its
own capital. In many cases, the size of this return on equity capital,
normally paid out as dividends, is not predetermined and usually is about one-
half of the interest on debt capital. This distinction between interest on
debt capital and profit on equity capital is very important when considering
taxes. Taxes take many forms (local, state and federal: property, sales and
income) with federal income tax usually the largest. Since return on equity
capital is considered a profit, it is subject to income tax, whereas the
interest on debt capital is a cost and therefore not subject to income tax.
This is a substantial consideration since corporate income taxes are usually
greater than 50%Z of the profit.

In addition to these concepts there are many refinéments of economic
theory{ such as computation of depreciation and price escalation, which become
important as the detail of the analysis is increased. It is difficult for an
engineer, however, to feel comfortable with a method of analysis which stems
from a direct application of these unfamiliar economic concepts. The engineer
is more comfortable with rigorous mathematical derivations. It is possible,
however, to arrive at the same method of analysis from both an economic and

a mathematical approach.
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2.4 Comparison of Alternatives: An Economic Approach

An investment is consldered economically advisable 1f the expected rate
of return is high enough. Alternately, an investment is considered advisable
if it yields sufficient profit. Although the profit motive is not strictly
applicable in electric utility, these two concepts can be applied to determine
whether one alternative is more economically attractive than another. First
consider the nature of the inveétment involved. A nuclear power plant is a
project which involves a complicated series of investments and receipts over
a long (perhaps 40 year) period of time. Two projects can differ in the
length of the project and the schedule of investments and receipts. To
adequately compare these two projects it 1s necessary to analyze each invest-
ment and receipt. Theldetailing of the movement of money into and out of
the project is called a "cash flow" analysis. A cash flow analysis is the
basis for comparing investment projects.

The most common method of evaluating the advisability of a single invest-
ment is known as the internal rate of return (IRR) method. The basic principle
of this method is to compute the interest or profit rate which will cause the
present worth of all revenues (investments, disbursements, and receipts) to be

zero. Consider the present worth form of the compound interest formula:

P=(+) N F . (2.5)
This represents the present worth of a single investment. Let F(n) represent
the net revenue (which may be positive or negative) during accounting period
n. The total presen; worth of a series of paymeﬁts and receipts is the sum

of the present worths of the net revenue of each period, or

Feotal = (1+1)'1 F(1) + (1+i)’2 F(2) + ... + (1+i)'N F(N) . (2.6)

i.e.,
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N
Peotal = § @+ F(n) . (2.7)
n=1

If Ptotal is zero and 1 is positive, 1 represents the rate at which the invested
capital grows in value, or the internal rate of return. This concept can be
applied to the comparison of two projects: the project with the highest rate
of return is the most attractive economlcally. There are complications, however.
First, the nature of the equation makes it Impossible to solve explicitly for
1, requiring an iterative procedure which can become time consuming for large
projects. The largest drawback, however, is that in this method there is no
way to relate the internal rate of return to the expected éelling price of
electrical energy.

These drawbacks are not encountered in the present worth (PW) method.
This method is based on the calculation of the equivalent worth of all revenues'
at some point in time called the "present'". This time does not have to be
the current day or year, but can be any time convenient for the analyst. This
yields an expression identical to the IRR method,

N

total = J (14+1) " F(n) . (2.8)
n=1

P

The difference is that in the PW method the value of i is assumed. To compare
alternatives, it is necessary to compute and compare the present worths. In
this form, it is easy to separate and solve for the price of energy which
causes the present worth of a project to be zero. If this price (¢) is a
constant‘multiple of the energy produced; E(n), then
P Y -
total = )fl (1+0)™™ (cE() - F'()) = 0 . (2.9)
n=

Therefore,
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N
J +)™™ F'(n)
c = n;l . (2.10)
Y @+)™" E()
n=1 -

This indicates the unit price of energy can be interpreted as the ratio of

the present worth of all revenues, except income from the sale of energy, to
the present worth of all the energy produced. This value is usually called

the "levelized" cost since it covers the entire life of the project. It is

the most common method of comparing alternate nuclear fuel costs., In this
case, 1 was predetermined and is known as the minimum acceptable rate of return

or the discount rate,

2.5 Comparison of Alternatives: A Mathematical Approach

Application of the IRR or PW method for comparing alternatives provides
little problem for those familiar with the value of money with time., These
methods can present problems to the design engineer, however, as expressed by
an economics text discussing the PW method:

"One disadvantage is that it appears to assume that the present

worth of all future expenses is to be paid at one time. This, of

course is not the case, but the assumption frequently seems to cause

some difficulty in the minds of engineers who attempt to use the

present worth method."
To clarify and illustrate a procedure applicable in all cash flow situations,
consider the following derivation for the unit price of energy.

Assume that a project which spans N consecutive accounting periods
consists of a serles of disbursements, investments, and receipts. Let F(n)
represent the net revenue for each accounting period and

F(n) = c E(n) - F'(n) . (2.11)

where
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¢ = unit price of energy,

L}

E(n) = energy produced during accounting period n,

F'(n) = payments other than sale of energy.
Let Y(n) be the indebtedness at the beginning of period n, and let x be the
interest charged on this indebtedness per accounting period. Then

Y(o+l) = Y(n) + F(n) + x ¥Y(n) (2.12)
This equation states that the indebtedness in any period 1s the sum of the
indebtedness of the previous period, the interest on that indebtedness, and

the net revenues of the previous period. If it is required that all indebted-

ness be retired, i.e., Y(N+1) = 0, the following results:

Y(ntl) = (14x) Y(n) + F(n) , (2.13)
Y(a) = (14x) ¥Y(a-1) + F(a-1) , (2.14)
Y(a) = (1+x) [(1+x) Y(a-2) + F(a-2)] + F(a-1) , (2.15)

B a-n-1
Y(a) = ] (1+x) F(n) . (2.16)

n=1
Therefore

N -

YD) = ] () " F(n) =0, (2.17)
n=1

which is equivalent to

N
J (4x)™ [c E(m) - F'(n)] = O . (2.18)
n=1

Therefore, the unit price of energy is

N
I @) "F (n)
c = “;1 . (2.19)
] @)™ E(n)
n-1
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This derivation illustrates that the "present worth" concept is not peculiar
to economists, but is an economic interpretation of a mathematical problem.

The derivation above did not enumerate the various revenues which are
associated with actual fuel cycles, but the technique can be applied to any
cash flow scheme and is considered the basis for economic evaluation by the
Nuclear Regulatory Commission (NRC) [5]. This technique was expanded by Vondy
[6] to account for such items as taxes, investment in both stocks and bonds,
depreciation, operating expenses, and income other than from the sale of energy.

The result is shown below.

% (1+ -n Z(n) + r
x) 1) ~ V(n) 0(n) - 1:;-D(n)

_ n=0
P = = . (2.20)

T Q=)™ Q)

n=1

where
D(0) = 0(0) = Q(0) = 0,
x=j(l-r) b+ 1i(1-b) .

The terms are defined as:

Q(n) = amount of energy sold during the period,

Z(n) = investment,

V(n) = income other than sale of energy,

D(n) = depreciation,

0(n) = deductible operating costs,
P = unit selling price of energy to return all investment costs,
X = discount factor,
N = history life,

r = tax rate on taxible income

1 = required return on stock,
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j = required return on bonds,

b = fractional indebtedness in bonds.
2.6 Conclusion

Electrical utilities present the nuclear engineer with a challenging
problem in design evaluation. Theilr unique economic situation requires cost
estimates to be made for a comparative analysis. In particular, calculation
of nuclear fuel cycle costs provides the utility with an indication of how
different nuclear fuel schemes can affect their energy production costs.
Proper application of this knowledge can indirectly.influence the cost of
electrical energy to the consumer. This is the motivation for an engineer
to combine his technical knowledge with economic priciples to obtain reliable
comparative analyses. Design of a nuclear reactor system determines the schedule
of investments necessary to provide fuel for the reactor. The establishment
of this "cash flow" provides the basis for the application of the present
worth or discount technique. The final calculations, properly interpreted

provide a valuable tool for utility managers.
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3.0 FUEL CYCLE COSTS: EXTENDED SEVEN-PAGE METHOD

The analysis of nuclear fuel costs is of continuing importance since
proper management of nuclear fuel represents a means of decreasing electrical
generation costs throughout the lifetime of the generating station [1]. This
analysis is more complex than with fossil fuels because of three major
characteristics of nuclear fuel [2]:

1. Large investments prior to use of the fuel are required.

2. Preparation and use of the fuel requires a long time period.

3. The spent fuel has a high residual value.

In addition, these characteristics make the cost of capital, or carrying
charges, a significant portion of the total fuel cost, and require a detailed
knowledge of the time-varying value of the nuclear fuel.

Since a reactor is generally composed of fuel with different processing
costs, exposure histories and energy production capabilities, calculation
of nuclear fuel costs is usually performed using large and complex computer
codes. Additionally, the economic analyses performed through the use of
these codes include the application of discounted worth of money [3], present
worth methodology [4], or allocated costs [5] and have features or options
such as fuel reinsertion, plutonium recycle and cost escalation. These
features result in codes which are so involved that the user can easily lose
sight of the physical significance of the calculations performed and the
results obtained. A different approach was offered by Bader, Kitzke, and
Norman in the form of a hand calculational method originally called "the
seven-page method" [6]. Not only can the calculations be done by hand, but
the significant steps of the nuclear fuel cycle are presented in chronological
order. The user becomes familiar with the economic importance of each step,

and the physical significance of each cycle step is always retained.
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Unfortunately, this calculational method in its present form has several
limitations:
1, It is applicable only to a single batch of fuel and not a reactor
core consisting of several batches.
2, It calculates only the total cost (or unit cost of energy) 6ver
the entire history of the fuel and does not calculate costs associated
with a particular period of time.
3. It does not take into account the economic reality of inflation (or
cost escalation).
4. It does not provide for comparative analysis by use of present
worth, discounted cash flow or other methods.
The last two of these limitations constitute a substantial departure from the
calculation of "fuel cost." The objective is not the calculation of an absolute
cost, but the generation of a number which reflects the impact of time-varying
investment when compared with other numbers calculated in the same manner.
This chapter is concerned with the calculation of actual fuel cycle costs.
For this reason, different methods of comparative analysis are not discussed.
Instead the seven-page method is extended to encompass the entire history
of a reactor. This extension of the seven-page method provides an
accurate fuel cost calculational method while retaining the advantages

of simplicity of calculation.
3.1 Extension of the seven-page method.

In the seven-page method an investment distribution as a function of
time is generated for a single batch of nuclear fuel (Fig. 1). From this
distribution the total cost of the batch can be obtained directly. The total
cost is the sum of the direct and indirect coéts where these costs are

defined:
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Direct Costs = depreciation of the fuel, i.e., the difference in
the value of the fuel at insertion and removal.

Indirect Costs = the sum of the carrying charges during each accounting
period (generally assumed to be one month), where the carrying
charge is the product of the average investment and carrying charge
rate.

In the seven-page method "depreciation" includes the change in value of the

fissile material (uranium depletion and plutonium accumulation) and the

accrual of funds necessary to cover shipping and reprocessing of spent fuel.
In effect, a zero salvage value for the batch is assumed.

These costs are offset by the sale of energy (steam and/or electricity).
In the seven-page method, the production of energy is assumed to be constant
over the time period that the fuel batch resides in the core (Fig. 2). It
is recognized that the actual energy production will be a much more involved
function of time; but, the average production value will simplify calculatidns.
To find the necessary minimum selling price for energy (orlthe cost of energy)
income must balance costs:

Energy Sale = Depreciation + Carrying Charges .,

This equality can be represented mathematically as (note from Figs. 1 and 2)

fp E(t) dt = I(A) - I(B) + Si I(t) dt, (3.1)
where
E(t), I(t) = energy output and investment as functions of time, respectively,
p = unit price of energy,
1 = carrying charge rate,
I(A), I(B) = investment at times A and B, respectively,

The presence of continuous functions in Eq. (3.1) presents problems in

calculation. Since accounting is usually done on an "end of period" basis,



THIS BOOK
CONTAINS
NUMEROUS PAGES
WITH DIAGRAMS
THAT ARE CROOKED
COMPARED TO THE
REST OF THE
INFORMATION ON
THE PAGE.

THIS IS AS
RECEIVED FROM
CUSTOMER.



INVESTMENT ($)

ENERGY OUTPUT (BTU)

23

DEPRECIATION

TIME (Months)

Figure 1. Investment-Time Diagram for a single batch
of nuclear fuel

E (1)

TIME  ( Months)
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let I(n) be a discrete function representing the value of I(t) at the end of
each accounting period (Fig. 3). If energy production is also considered as
a discrete function of accounting period, n, Eq. (3.1) is equivalent to
N N
I pE@M) =1I(A)=-1I(B)+ ]iI), (3.2)
n=1 n=1
where
n = A is the month of insertion in the core,
n =B is the month of removal from the core,
n = N is the total number of months of the fuel batch history, i.e.,
the month when all debt is retired.
There will be a slight difference in the calculation of carrying charges
between Eqs. (3.1) aﬁd (3.2). The difference is small, depending on the size
of the continuous depreciation and carrying charge rate. Equation (3.2)

represents a more realistic representation.

The investment during any accounting period is

I(c) = I(c~1) + Z(c) - V(c) - D(c), (3.3)
where
Z(c) = investment during period c,
V(c) = income from sources other than the sale of energy during period c,
D(c) = depreciation during period c.

Equation (3.3) is a recursion formula in I. Since I(0) = O,

[
I(e) = } [z(n) - V(n) - D(n)]. (3.4)

n=1
If all debt is retired at the end of life, i.e., no salvage value,
N

I(N) =0 = {l [Z(n) - V(n) - D(n)]. (3.5)
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From Eq. (3.5) the total depreciation is given by

N N
I(A) - I(B) = } D) = } [2(n) - V(n)] (3.6)
n=1 n=1l

Equation (3.6) states that the total depreciation during the life of a fuel
batch which has no salvage value is the sum of all investments minus all
receipts.
The carrying charges associated with the fuel batch are represented by
N
c(N) = § 1 I(n) (3.7)
n=1
From Eq. (3.3) it follows that the carrying charges associated with an arbitrary
accounting period are
Clc) = 1[I(e~1) + Z(c) - V(c) - D(c)]. (3.8)

Since I is recursive
c
C(c) =41 J [2Z(n) - V(n) - D(n)] (3.9)
n=1

Therefore, the total carrying charges associated with a fuel batch is the
sum of the carrying charges in each accounting period,
N m
c(N) = J {i ) [2() - V(n) - D(n)]}, (3.10)
m=1 n=1
which is identical to
N
CN) = § i(N -n+1) [Z(n) - V(n) - D(n)) (3.11)
n=1l
Use of Egs. (3.3), (3.6), (3.7), and (3.11) allow the balance between income and
costs to be written as
) ) ) '
E pEMm) = } [2(n) - V()] + i(N-n+1) [Z(n) - V(n)]
n=1 n=1 n=1
N

. Xl 1(N - n + 1) D(n) | (3.12)
L .
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The argument used to derive Eq. (3.12) was based on the history of a single
fuel batch. This argument indicates that calculations must be performed in
each accounting period, which can be a large task since a fuel batch may cover
one hundred accounting periods and a reactor may use a maximum of fifty

different fuel batches. Before extending the calculation to an entire core,

consider Eq. (3.12) as:

N N
J O -n+1) +11[z() -V(@)] -4 § (N -n + 1) D(n)
p = B2E n=1 (3.13)
N
¥ E(n)
n=1

where p, the energy price, 1s considered constant with respect to time. The
denominator is the amount of energy produced by the fuel batch. This is a
design characteristic and can be computed directly from plant capacity,
capacity factor, and fuel batch residence time. The term [Z(n) - V(n)]

1s zero except in those periods where actual disbursements are made or
receipts collected. Since the items to be financed are finite, e.g.,

“308 purchased, fuel elements fabricated, etc., and even with progress
payments, the number of periods during which transactions are conducted will
be finite.

The most difficult term is the second term of the numerator, which
involves a separate calculation for each period that the fuel batch is in the
reactor. The calculations can be simplified considerably, however, if the
assumption of straight line depreciation is applied:

N

D= )jl [Z(n) - V(n)]/(B-A+1) = D(n) (3.14)
n=

D is zero except when n is between times A and B. Therefore, the second term

of the numerator in Eq. (3.13) becomes
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1 }E! (N-n+1)D(n) =D E [1(N-1) - 1 n] (3.15)
n=1 n=A

The summation on the right side of Eq. (3.15) is the sum of an arithmetic series
of (B-A+l) terms. The first term of the series is 1i(N+1l-A) and the common
difference is -i. The term is then given directly as [7]

1 1)tI (N-n+1) D) =D {(B—";@— [21(N-A+1) - i(B—A)]} (3.16)

n=1
With the use of Eqs. (3.14) and (3.16), it is only necessary to make two
calculations for depreciation and one calculation for each investment or
receipt (excluding sale of energy) in order to determine the unit price of
~ energy ptroduced by the fuel batch.
To extend this procedure to an entire core, consider the core as a

single fuel batch with a complicated payment and receipt schedule. .While
this is the general practice, it is not an easy procedure to follow since
a core history is normally composed of a complicated arrangement of fuel
batches. It would be much more convenient if calculations could be done
on a fuel batch basis and these calculations transposed directly to calculate
the cost of the entire core. Since Z(n), V(n), and D(n) are zero after the
end of the fuel batch history, the value of p (Eq. 3.13) is independent of the
value of N, the limit of the summation index, as long as N is greater ghan
or equal to the final accounting period of the batch. Therefore, N can
be set equal to the life of the reactor, and the calculations used to determine
the cost 6f each fuel batch can be used directly to calculate the cost of

the entire core.
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3.2 Calculational Procedure

To illustrate this generalized method, it is necessary to establish
a calculational procedure. The following items as a function of accounting
period must be known about each fuel batch:
1. Investments.
2, Receipts other than sale of energy.
3. Energy production.
To illustrate items 1 and 2, use a cash flow diagram such as Fig. 4. A
gimilar diagram can be constructed for the production of energy (Fig. 5).
Hence, the following procedure results:
1. Calculate and tabulate Z(n), V(n), E(n), and i(N-nt+l) using the
seven—-page method for a single fuel batch.
2. Calculate the unit cost of energy, p, for the fuel batch, using
Eqs. (3.13), (3.14), and (3.16).
3. Repeat 1 and 2 for each fuel batch.
4, Tabulate and sum X [Z{n) - V(n)], E(n), and E [i(N-n+1) + 1]
[Z(n) - V(n)] for all fuel batches.
5. Calculate p for the entire core, using Eq. (3.13), (3.14), and

(3.16).
3.3 Application

To illustrate this procedure, a sample problem using a ten fuel batch,
ten year core history was used. The first two steps of the calculational
procedure are shown in Table 3 for a single fuel batch. A similar table was
developed for each fuel batch and together theylwere used to generate Table 4,
which is the results of steps 4 and 5 of the calculational procedure. The

calculations in these tables illustrate the simplicity of the procedure but
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Table 3. Calculation of Unit Tuel Costs for a Single Batch
Extended Seven-Page Method.
N = 118
A=13
B = 24
i=.01
Date n Payment i(N-ntl) + 1 Z(n)[1(N-n+1l) + 1] E(n)
1/1977 1 2856000 2.18 6226080
3/77 3 364000 2.16 786240
6/77 6 3063000 2.13 6524190
6/77 6 397100 2.13 845823
72/717 7 397100 2.18 841852
8/77 8 397100 2,11 837881
9/77 9 397100 2.10 833910
10/77 10 397100 2.09 829939
1/78 13 Insertion
12/78 24 Removal 2.0331 x 10%3
7/79 31 149000 1.88 280120
10/79 34 870000 1.85 1609500
10/79 34 -4736000 1.85 -8761600

Eq. (3

Eq. (3

Eq. (3

.16)

.14)

.13)

Yz -v_ = 4551500
nn

)} = 10853935

B
1] i) = 2D 10 06) - Lo1 (26-13)] = 12.06
n=n

D(n) = 1451500/ (24-13+1) = 379291.67

Unit Fuel Cost

g = 10853935 -~ (12.06)(379391.67) -
2.033 x 10

13

= 30.89 ¢/MBTU
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Table 4. Calculation of Unit Fuel Cost for Entire Core
Extended Seven-Fage Method.

N = 118
A=13
B = 108
i=.01
Batch ## ] 2y Viny) Z0A0-ntl) + 1102 -V) ~ E(n)
1 4551500 10853935 2.0331 x 1013
2 5912500 13654505 4.0662 x 1013
3 7086500 15827365 6.0992 x 1013
4 7086500 14976985 6.0992 x 1013
5 7086500 14126605 6.0992 x 1013
6 7086500 13276225 6.0992 x 1013
7 7086500 12425845 6.0992 x 1003
8 7086500 11575465 6.0992 x 1013
9 5912500 9397505 4.0662 x 1013
10 4551500 7030675 2.0331 x 1033
§ 63447000 § = 123145110 J = 4.879 x 10%%
Eq. (3.14) D(n) = 63447000/ (108-13+1) = 660906. 25
2 108-13+1
Eq. (3.16) 1] (et = 295 [0o(118-1341) - .01 (108-13)] = 56.16
n:‘-
Unit Fuel Cost
Bq. (3.13)  p = 123145110 - (56.16) (660906.25) _ 1. (o o

4.879 x 10%%
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contain significant round-off errors. To further demonstrate the applicability
and accuracy of this procedure, a desk calculator (Tektronix Model 31) was
programmed to calculate fuel cycle costs using this extended seven-page cal-
culational method. The results obtained from this calculator are compared
with the original seven-page method and three fuel cycle cost codes (GEM,
CINCAS and GACOST) in Table 5.

The purpose of this discussion has been to develop a calculational
procedure which compares favorably with existing calculational methods as
far as accuracy is concerned, but is simple and easy to use. Table 5 illustrates
the accuracy of the method by presenting three main points

1. The extended seven-page changes the original seven-page calculations

only very slightly.

2. The calculational methods used by the three codes GEM, CINCAS and

GACOST, do not produce identical answers.
3. The results of the extended seven-page method correspond very well
with the results of the computer codes.
The simplicity of the extended seven-page is demonstrated by the fact that
it can be done by hand or programmed on a desk calculator to yield the same
results which required, in the case of GEM, an IBM 360, 470k of memory and
more than a minute of execgtion time,

This procedure provides a straight-forward method for extending the seven-
page method from the calculation of the cost of a single fuel batch to the
levelized cost over the entire life of a core. The generalization to a series
of investments and receipté allows the user complete freedom in establishing
payment schedules. The procedure is limited, however, primarily by the assumption
of uniform energy production and the fact that it requires a complete core

history to provide meaningful levelized core costs. However, this procedure



Table 5. Comparison of Extended Seven-Page Method
with Existing Calculational Methods.
Levelized Fuel Costs (¢/MBTU)
Code Extended
Batch 7-Page 7-Page CINCAS GEM GACOST
il 31.17 31.14 31.04 30.72 30.68
#2 19.94 19.98 19.98 19.85 19.70
#3 15.73 15.78 15.89 15.81 15.58
Case
Levelized 17.76 16.50 17.80 17.52

34
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provides a basis for both calculating fuel cycle costs and developing more

sophisticated and useful calculations.
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4.0 FUEL CYCLE COSTS: PERIOD CALCULATIONS

Economic analyses of costs associated with the nuclear fuel cycle have
two distinct applications. In the design phase of a nuclear generating station
the interaction between the economic impact of fuel composition and the corres-
ponding efficiency of power generation must be recognized and considered. The
levelized cost of fuel, for a batch and the entire core, is the appropriate
parameter for evaluation of different concepts and studying effects of different
processes. Once the reactor is in operation, however, the utility must have cost
information that is compatible with its accounting techniques and provides the
appropriate information for operational decisions concerning core replacement [1].
To accomplish these functions for a utility, a cost calculational method shoﬁld
have the ability to report the costs associated with a single time period (e.g.,
a month) even though these costs are generated by several batches in varying
stages of preparation, irradiation and reprocessing. Additionally, the knowledge
of how the cost of fuel changes with energy production is important in decisions
relating to distribution of load changes in an electrical grid containing more
than one station.

This discgssion indicates that simple fuel cost calculational methods, such
as the seven page method, have only a limited application in the field of utility
planning and operation. Simple calculational procedures have the advantage of
not requiring substantial calculational time while retaining the physical
significance of the calculations and the accuracy of machine calculations. The
object of this chapter is to discuss the application of the seven page method
to period cost calculations and compare the results with currently available

machine calculations.



37

4.1 Calculation of Period Costs

As illustrated in the extended seven page method, if the assumptions of
straight line depreciation and uniform energy production are made, the levelized

cost of energy for a fuel batch is given by

N N
Y [i(@-ntl) + 11[Z(n) - V(n)] = 1 T (N-nt+l) D(n)
n=1 n=1
p = N 3 (4'1)
1 Em)
n=1
where
o (B=A+1)
i } (N-ntl) D(n) = D(n) {—T— [21i(N-A+1) - i(B—A)]} , (4.2)
n=1
and
N
D(n) = [ [Z(n) - V(n)]/(B-A+1) , (4.3)
n=1

and the individual-terms are defined as follows:

unit price of energy,

=)
It

n = accounting period (e.g., month),
N = number of accounting periods in batch life,
A = perilod batch is inserted in core,
B = period batch 1s removed from core,
1 = period carrying charge rate,
Z(n) = investment during period n,
V(n) = receipt, other than sale of energy, during period n,
D(n) = depreciation during period n,
E(n) = energy produced during period n.
Since the number N is independent of batch lifetime, the batch calculations can

be used to calculate the levelized cost for an entire reactor core.
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To develop a procedure to calculate the cost during a specific period
of reactor operation, it 1s first necessary to divide the lifetime of the core
into regular periods of time (e.g., calendar years) and then calculate the
total cost during each of these periods. The cost of producing energy (p)
during any period of time (Z) which begins 1n accounting period D and ends in

accounting period ¢ is given by

c C
I 1I()+ ] D(n)

n=D n=D
pz - c (] (4'3)
Y E(n)
n=D
where
c
Z i I(n) = indirect costs,
n=D
c
¥ D(n) = direct costs,
n=D
c
X E(n) = energy produced.
n=D

The only restriction on the time period is that all periods be of the same
length (or the same number of accounting periods) except for the first and
last time periods, which may be shorter. This in effect superimposes on the
reactor history a sequence of uniform time periods, but does not restrict the
start or end of the history to the start or end of a time period.

Consider first a single batch of fuel. Again the assumption of straight
line defreciation is applied and the depreciation during each accounting period
the reactor produces energy is given by Eq. (4.3) where

| D =D . (4.4)
If E is designated as the first accounting period in the time period Z during
which the fuel produces energy (requiring that D < E < ¢) and F is the last,

the total direct costs are
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C
Y} D(n) = (F-E4+1) D . (4.5)
n=D
Since
I(c) = I{c-1) + V(c) + Z(ec) - D(c) , (4.6)

C Cc
Y iI() =i(c-D¥l) I (D-1) + } [c-nt1][Z(n) - V(n) - D(n)]. (4.7)
n=D n=D

From Eqs. (4.4), (4.5) and (4.7),

C Cc
ﬁ'{[F-E+1] -1 7 [c—n+1]} + 1(c-D+1) I (D-1) + i ) (e-ntl)[Z(n)-V(n)]
n=EF n=D

pZ = c
I E(@)
n=D (4.8)

where
D-1
I(D-1) = } (z(n) - V(n)) - (D-1-A) D, (4.9)
n=1
Equation (4.8) is very similar to Eq. (4.1) in that it requires a single
calculation for 1) each investment or receipt during the time period, 2) depre-
ciation, and 3) energy production. There is, in addition, a calculation
associated with the investment at the beginning of the time period, I(D-1).
The procedure used to calculate a period cost is similar to that used to
calculate a levelized cost. First, from the definition of the sum of an
arithmetic series,
F
1 ) (e-ntl) = 5§:§ill [21i(c-E+1) - 1(F-E)] . (4.10)
n=E )
Therefore, the total unit cost is calculated in the manner:
1. Tabulate Z(n), V(n), E(n), and divide this table into the desired
time periods.
2. Calculate Z (Z(n) = V(n)) [i(c-n+1)], I E(n), and I (D-1) for each

time period..
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3, Use D calculated from Eq. (4.3), Eq. (4.10), and with Eq. (4.9)

calculate p for each period.

4.2 Application

The most immediate consequence of calculating period costs is the sub-
stantial increase in the amount of calculational effort involved. In addition
to performing the calculations associated with total costs, it is necessary to
perform additional calculations in each time peried. This becomes very sub-
stantial 1f, for instance, the period is a month and the batch historyrextends
over several years. There is also a corresponding increase in the amount of
storage space required if the calculations are to be done by machine. These
increases negate a primary advantage of the simple calculational procedures.

However, by limiting the length of the reactor history to 30 years, it
was possible to program a desk calculator, the Tektronix Model 31, to perform
these calculations. Two types of calculations were performed. In the first,
yearly costs for three single batches of varying lengths were calculated and
then compared with identical calculations performed with an existing fuel
cycle cost code, GEM [2]. The results of these calculations are shown in
Table 6. These results show a very good correlation, as expected, since GEM
also uses straight line depreciation in single batch calculations. The slight
differences are accounted for by the use of continuous discounting in GEM as
opposed to the discrete method developed by the seven page method.
| In the second calculation, period costs were calculated for a three region'’
core with a ten year,‘ten batch history and compéred with identical calculations
done with computer codes GEM, CINCAS [3] and GACOST [4]. The results are shown
in Table 7 and Fig. 6. These results illustrate that there is reasonable

correlation among the computer codes, but the'seven-page calculations follow



Table 6. Yearly Levelized Costs (¢/MBTU)
for Single Fuel Batches of
Different In-Core Time Periods.

GEM 7-Page
Batch #1 1978 25.74 25.84

1 yr.)
1978 18.33 18.47

Batch #2
(2 yr.) 1979 16.67 16.73
1978 15.58 15.78

Batch #3
(3 yrs.) 1979 14.26 14.38

1980 12.94 12.98




Table 7. Yearly Levelized Fuel Costs (¢/MBTU)
for a Ten Year Core History

Extended

7-Page GACOST GEM CINCAS
1977 0 0 0 0
1978 18.17 22.67 20.95 23.45
1979 18.06 17.11 17.10 17.60
1980 17.47 15.58 15.66 16.00
1981 17.13 15.58 15.49 16.00
1982 16.96 15.58 15.49 16.00
1983 16.79 15.56 15.49 16.00
1984 © 16.63 16.80 16.40 17.23
1985 15.33 21,30 18.61 21.78
'1935 0 0 0 0

Case 17.76 17.52 17.80 17.91
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a completely different trend. This aberration is a direct consequence of the
assumption of straight line depreciation. This can be 1llustrated by considering
the three batches given in Table 6. These are the same batches which comprise
the initial core of the sample reactor. The primary reason for the large
difference in costs for the first year is that a substantial cost (primarily
fabrication) must be depreciated over a shorter period of time{ leading to

a higher cost for shorter batches. Therefore, the computer codes, which cal-
culate the core period costs directly frpm the batch period costs, exhibit
behavior determined primarily by batch depreciation. Seven-page, however,

which uses a-constant depreciation, exhibits a behavior determined by the

carrying charges on a declining capital investment.
4.3 Discussion

Calculation of period costs for nuclear fuel has about it an amorphous aura
which is unusual even in a field characterized by assumptions and lack of
standardization. This 1s caused by the arbitrary nature of two major aspects
of these calculations: choice of accounting period and treatment of out-of-core
costs. The first of these, choice of accounting period, involves primarily
selection of the length and start time of the period. The selection is generally
dictated by the needs of the user, but variations in the accounting period can
cause drastic differences in the behavior of period costs. Thig is especially
true of individual batches, which are relatively short lived. Figure 7 shows
this difference by plotting period cost for fhe same batch using in the one
case the calendar &ear and in the other the fiscal year as the accounting
period.

Since nuclear fuel costs are generally reported per unit energy produced,

a special procedure must be developed to treat those costs incurred when no
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energy 1s produced. There are several ways of doing this. Since most calculations .
are performed on a batch basis, it is logical to distribute ocut-of-core costs
over those periods when the batch is producing energy. Unfortunately, this will
provide én inaccurate distribution of period costs, especially if payments are
irregular and occur several accounting periods before or after in-core residence.
The other approach to the problem is to look at the reactor as a whole and
consider separately energy production and costs. This will produce a realistic
picture of the period costs, with the exception of those costs incurred before
startup and after shutdown. These can be calculated and then amortized over the
life of the reactor. This quickly becomes an insignificant figure, however, so
it is usually ignored. The final product is a procedure which is most accurate
only after the reactor has been operational for some time and until an unspecified
time prior to decommissioning.

In spite of the very arbitrary nature of period calculations, they serve
a necessary purpose in utility operational planning. It is obvious that
simplified calculational procedure lose their effectiveness when applied to
these calculatigns because of the substantial increase in calculational and
storage‘fequirements and because of the unrealistic results produced by the
assumption of straightuline depreciation. Therefore, levelized period costs
are more efficiently calculated using standard calculatidnal procedures and

computer codes.
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5.0 FUEL CYCLE COSTS: COMPUTERIZED CALCULATIONS

Computation of the cost of nuclear fuel presents a series of problems which
are ideally suited for solution on a digital computer. Computers are especially
helpful when computations are numerous and repetitive. A brief overview of the
fuel cycle for a.reactor will point out those areas particularly suited for
computerization.

Nuclear fuel must be mined, milled, enriched, and fabricated into a form
suitable for insertion into the reactor. This process may take years and involve
several different companies. Once inserted in the reactor, the fuel produces
energy by changing its isotopic composition. This production process is
generally not uniform and usually covers a period of 3 to 5 years. Once removed
from the reactor, the fuel still contains a significant amount of fissile (and
valuable) material. This material is recovered through a process which includes
storage, shipping, reprocessing, and reconversion. The requirement of procuring
the fuel a significant time prior to energy production and sale introduces a
substantial cost associated with the capital being used during this time. It
must also be recognized that not all of the fuel will be of the same isotopic
composition or will remain in the reactor for the same length of time. Finally,
inflation has made the cost of goods, services, and money time dependent;
therefore, in order to be of use in planning, an economic analysis must be
independent of time.

Just how can this maze of calculations be handled adequately by a computer?
One way is to isolate those types of calculations which are related in such a
way that they can be made into a repetitive procedure. The calculations
associated with the nuclear fuel cycle have been broken into the four

categories:
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1. Cash Flow. Each gram of fuel has associated with it certain costs
which must be paid. These include items such as the cost of ore, enriching,
fabrication, shipping, and reprocessing. Additionally, there is a return
received from the sale of the reprocessed uranium and plutonium. Each of these
items which contributes to the value of the fuel is called a cost component.
Each component will have associated with it a separéte computational procedure
to be used to calculate the actual value of the cash flow. The fact that the
procedure differs for each component does not lend these calculations easily
to computerization. However, if the same procedures are applicable to a large
amount of fuel, computerization becomes attractive. Additionally, inflation
can be handled easily by a computer if inflation is assumed to follow a regular
pattern. Finally, and most importantly, these calculations provide a required
basis for the remaining calculations.

2. Direct Costs. When fuel is inserted in the reactor, it is worth a

definite amount of money. When it is removed, it still has some monetary worth.
The difference between the initial and final value of the fuel is the actual or
direct cost of the fuel. The problem is when, during the fuel's residencé in the
core, i; this cost incurred. This question is very imﬁortant when considering
the indirect costs discussed below. By applying an appropriate depreciation
procedure, a computer can be used to inventory the time dependent direct costs
for_a great number of different fuel elements and maintain a time dependent
direct costs for the entire reactor core.

3. Indirect Costs. The money invested in nuclear fuel must be obtained

from some source (e.g., sale of stocks and bonds, borrowing, or internal funds)
and then tied-up for a period which may be as long as 10 years. The use of
this money has a price, whether it is in dividends, interest, or a lost opportunity

cost, and it is too substantial to be ignored. To calculate these costs, it



50

is necessary to use the details of both the cash flows and direct costs to

maintain a current investment total.

4. Levelized Costs. When working with alternate courses of action, as

in most fuel cycle economic analyses, 1t is convenlent to have a single figure

of merit for comparison. It does not matter if you are comparing one year with
.another or with the entire history: one fuel type with another or the entire
core. In fuel cycle analysis this figure of merit is generally the unit price

of energy, or the levelized cost, of the fuel in mills/kwhe (or ¢/MBTU). To
calculate this levelized cost, it 1s necessary to apply present worth methodology
to the direct and indirect costs and the energy production.

Isolation of the calculations associated with nuclear fuel indicates two
important aspects of computerization of these calculations. First, a large
amount of input is required to detail the economic and energy production history
of each gram of fuel. This input can be reduced significantly by treating fuel
in batches whicﬁ have identical histories. But still, it is necessary to generate
a detailed accounting of cash flows, mass flows, and energy production over
the entire life of the reactor. The second aspect is that once the computer
has this information, it can perform an enormous numbef of calculations to pro-
vide a very detailed economic analysis, which is necessary for sound decision
making.

In.the task of comparing computer codes designed to calculate nuclear fuel
costs, we must address the manner in which each code performs the calculations
indicated above. From this comparison, a judgment as to the most acceptable
code can be made. But a comparison of this type must also address the question
of convenience, e.g., which code is the easiest to use, which is the most
flexible, or which code provides the most pertinent data. In the following, the

computer codes CINCAS, GEM, and GACOST will be evaluated.
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5.1 Calculational Procedures

The introductory discussion leaves the impression that there are four
consecutive steps in the calculation of nuclear fuel costs. This is not true.
There are four types of calculations, but generally they are not done discretely.
The levelized cost calculation is actually the most important from a practical
point of view, since the results are used in economic decisions. In fact, the
method used for levelized costs 1s the primary theoretical difference between
codes. For thils reason, the computational procedures used for the first three
types of calculations are usually geared toward facilitating the calculation of
levelized costs. Present worth methodology is often applied to cash flows prior
to computation of direct or indirect costs, and the method of computing indirect
costs is dependent on the method of levelizing costs. Therefore a discussion o
a particular calculation must include its interrelation with the other types of
calculations.

When considering the life history of nuclear fuel, it is apparent that it is
divided into three distinct phases: 1) the period of preparation prior to inser-
tion into the reactor core, 2) the period during which the fuel is in the reactor
and produces energy, and 3) the period after the fuel is removed from the reactor
and during which it undergoes reprocessing.' For convenience, these three phases
are denoted the preburn, burn and postburn periods. A typical investment-time
diagram is shown in Fig. 8. The primary requirement in the levelized cost calcula-
tion is the determination of the cost per unit energy as a function of time.
Since there is no energy produced during the pre-~ and postburn periods, this
calculation is possible only during the burn period. Therefore a method must be
devised to account for those indirect costs incurred during the out-of-core
history of the fuel. The method of handling these costs introduces another major

difference in the codes.
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Before proceeding with actual comparison of codes a note about terminology:
the handling of nuclear fuel is much more efficient if it can be assumed that a
large amount of fuel undergoes exactly the same preparation, burnup, and reprocessing.
This is a reasonable assumption since fuel is normally fabricated into fuel
elements which are treated as integral units throughout the fuel cycle. The
isotopic change even within a single fuel element will not be uniform. However,
use of appropriate average values can make the calculations as accurate as
required. For the purpose of this work, any specified amount of fuel, whether
it is a single pellet or a number of fuel elements, which has a specified
history, is called a batch. Batch is used in this context in GEM and CINCAS,
and is identical to the segment defined by GACOST. All these codes use the
batch concept as the basis for computations. In the following I will discuss
specifically how each code handles each type of calculation. Optilons are
discussed only where they highlight the differences in procedures. Details
of options are discussed in the section on code utility. Results, where

presented, refer to the sample problem in Appendix A.

5.2 Cash Flow

The purpose of this type of calculation is to convert contractual and design
data into a time schedule of investments and receipts. Contractual data are
usually in the form of prices and payment schedules while the design data include
feed requirements and burnup data, The initial step is to identify those specific
processes which contribute to these cash flows. This is not a difficult problem
since the industry for the front end of the fuelrcycle is well established. In
Table 8 the cost components calculated by each code are shown. Since the GACOST
depletion includes the change in value of uranium and plutonium, the front end

components are identical. In the back of the cycle, however, GACOST does not
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Table 8. Fuel Cycle Cost Components

CINCAS GEM GACOST
Uranium Uranium Fabrication
Plutonium Plutonium Depletion
Fabrication Fabrication Shipping
Shipping Shipping Storage
Reprocessing Reprocessing Reprocessing
Reconversion Reconversion
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perform a separate calculation for reconversion of uraynal nitrate to uranium
hexafloride, but does include an additional calculation for the storage of
spent fuel prior to reprocessing.

The calculation of these values is fairly simple, since prices are inputed
in $/kg. The only problem arises in working from the weight of fabricated
uranium back to the amount of UBOB or UF6 needed to obtain this weight. A
comparison of the major components is shown in Table 9. There is not an exact

agreement because of basic differences in input-output procedures. But even

with these differences the actual values are very close.
5.3 Direct Costs

Computation of the direct costs of nuclear fuel involves two distinct
problems: determination of the total direct cost and determination of its
distribution in time. At this point, the concept of cost components can greatly
simplify the maze of calculations required if it is recognized that‘for any
particular accounting period (N) the total direct cost is the sum of the direct

costs for each cost component, or

(direct cost)N = )} (component_ direct cost,) . (5.1)
i i N

The value of this approach becomes obvious when it is realized that over the
burn period the following costs must be accounted for:

1. decrease in uranium value,

2. decrease in fabrication value,

3. increase in plutonium value,

4. postburn expenses.
Now the problém is to determine the direct cost associated with each cost

component and allocate it to the proper accounting period.



Table 9. Calculated Values of Cost Components,
Batch 83C of Sample Problem. ($)

CINCAS GEM GACOST
Uranium 12509055 12510178 12526000
Plutonium 1860007 1859961 1860000
Fabrication 2482000 2482000 2482000
Shipping 595501 595500 599135
Reprocessing 33348006 3334800 3476282
Reconversion 119100 113825

55
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Direct costs are defined as the difference between initial and final
value, i.e., the difference in value from the beginning to end of the burn
period. This is true of each cost component, also. As illustrated in Table
9, there is little difference among the codes in calculation of the magnitude
of cost components., The most difficult problem is the distribution of these
direct costs over the burn period of the reactor.

Since the primary result of this calculation will be the cost per unit
energy, it is most logical to distribute the cost in the same manner in which
energy production is distributed over the burn period. To do this exactly would
be nearly impossible because a reactor undergoes daily load changes. However,
it is often possible to approximate the reactor output by a constant power
level for some period of time. The batch burn period can then be decomposed
into a series of "burnup" periods during which the rate of burnup is constant.
It is possible from these data to calculate the energy produced during each time
period, and to allocate costs to each time period ac;ording to the fraction of

total energy produced. In other words,

C 9
Ck = —q (5.2)
where:
C = total direct cost of a cost component,
Ck = amount of direct cost allocated to time period k,
q, = energy produced during time period k,

Q = total energy produced by the batch.
When determining the number and length of burnup periods, the unit of
time which the code uses for its calculations, or the accounting period length,
is the primary limitation. Each burn period must be a multiple of this accounting

period. Each of the codes handles this situation differently. 1In CINCAS the
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period is set at one month. In GEM, all accounting is done on a continuous
basis, so a burnup period can be of any length. In GACOST, the accounting
period is taken as the reload interval, or the time between the insertion of
fresh fuel batches into the reactor. The difference in selection of accounting
period is due to the method used for calculating levelized costs. The method
used by GEM is sensitive to the time distribution of money, while in GACOST

the emphasis is on the distribution of energy. These concepts will be

discussed below.
5.4 Indirect Costs

One of the primary differences between the nuclear and fossil fuel cycles
is the very long economic history of nuclear fuel., Fossil fuel is used
essentially as soon as it is procurred. Nuclear fuel of appreciable value
may remain in the possession 6f a utility for several years. Therefore there
is a substantial cost associated with the monies used to procure this fuel. 1In
fact, it is assumed that the entire investment value of the fuel is borrowed
capital and has associated with it an indirect cost, either in the form of
bond interest, dividends, or lost opportunity costs. Methods of dealing with
these costs form major differences in computer codes for economie analysis.

The first step in determining indirect costs (often called inventory
costs) is to determine the rate (per dollar invested per unit time) at which
this cost will be assessed. There are two basic approaches to this. The
first is to review historical data and from this obtain a representative rate.
This is not a difficult tésk in an operating utility. The accounting depart-
ment of the utility will be able, from its constant dealing with financial
matters, to produce a fairly accurate "cost of money". The other approach

is espoused by the NRC [1]. A detailed cash flow analysis which takes into
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account the capital structure of the utility, differences in bond interest
and dividend rates, and applicable taxes, will produce a discount rate. This
discount rate is often interpreted as the cost of money adjusted for taxes
(e.g., the discounted cash flow method of Vondy [2]). It also should be
noted that the discount rate is strictly applicable only in the cash flow
analysis for which it was derived.

Since the final characterization of fuel costs is on a per unit energy
basis, some method has to be established for dealing with those costs incurred
when no energy is produced, i.e., during the pre- and postburn periods. Since
direct costs are distributed over the burn period, only indirect costs are
incurred during the rest of the cycle. The basic philosophy of all the codes
in dealing with this problem is that the out-of-core indirect costs incurred
during pre- and postburn periods should be distributed over the burn period
in the same manner as direct costs, in proportion to the energy productionm.
However, the method for determining these indirect costs differ, at least
theoretically. CINCAS takes the simplest approach. It offers the option of
simplé interest or compound interest. GEM, however, uses the discount technique
of Vondy adapted to accept non-zero salvage value [3]. GACOST, on the other
hand, computes the preburn indirect costs of a payment as the difference between
the actual value of the payment and its present worth at reactor startup. The
three equations are shown in Table 10 as they are presented in the code manuals.
(NOTE: .Definitions of symbols are in the appendix which pertains to the
appropriate code). The interesting thing about these formulas is that, in the
end, they are identical, (NOTE: The only exception iIs that the cash flow analysis
of GEM corrects an investment for income taxes with the factor (l—R)-l.), to the
general form indicated in Table 10. Thus fhe theory behind these codes is

different, but the final calculations are often identical.
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The postburn period represents a different problem because it involves
more than a simple series of payments and receipts. In particular, during
reprocessing money is invested in the fuel, increasing its value. It is
necessary to model thils investment process to compute indirect costs properly.
In CINCAS and GACOST, a linear increase in value over the reprocessing period
is assumed. This is equivalent to assuming that the entire investment occurs
at the midpoint of the period. CINCAS differs substantially from the other
codes at this point, however, by computing a simple interest as the indirect
cost. GACOST calculates the indirect cost as the difference between the actual
payment and its present worth at shutdown (equivalent to compound interest).
GEM avoids the problem of reprocessing altogether by considering only the
postburn payment schedule discounted to shutdown. The formulas used by the
codes for this calculation are shown in Table 11. Note that GEM immediately
discounts the indirect costs to startup.

There is, in addition to preburn and postburn indirect costs, a charge
associated with the value of the fuel during the burn period. A basic approach
to this problem is direct and simple, It is necessary only to determine the
average value of the fuel during any accounting period, multiply it by the
cost of money and then charge the indirect .cost to that accounting period.

This, in fact, is the procedure followed by CINCAS. GACOST, however, uses

a different method which in effect charges compound interest. This method
considers the value of the fuel at the beginning and end of the reload interval.
It takes the difference between these two values present worthed to the midpoint
of the interval. This difference 1s the sum of the direct costs and the indirect
costs. GEM calculates the direct plus indirect costs by discounting the final
value of the investment to startup. Both the distribution of the investment

and the discounting are continuous. The difference between the discounted
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investment and actual investment constitutes the sum of direct and indirect
costs. Table 12 shows the equations used by each of the codes for calcula-
tions during the burn period. As discussed above, GEM and GACOST calculate
the direct and indirect costs simultaneously while CINCAS uses two separate

calculations.

5.5 Levelized Costs

The above discussion has alluded to the calculation of levelized cost as
an overiding consideration in the develcopment of calculational methods,
Consequently the discussion in this section is very limited, since it consti-
tutes only one calculation, Table 13 shows the formulas used for levelized
cost calculations. The major variables in these equations involve costs
($/month, C(t), FCR). They are calculated directly from equations of the form
illustrated in Tables 10, 11, and 12. The other factors are concerned with
present worth (or discoﬁnting) and energy production, both of which are deter-
mined from code input. The calculation, then follows directly.

It is appropriate here to delineate the basic theoretical differences in
the codes. There are two basic philosophies. The first applies to the discounted
worth of money. This method is the ratio of the present worth of all cash
flows over the levelizing period to the present worth of all energy produced
over the levelizing period. This technlique is used by both CINCAS and GEM.

The majbr differences between these codes is the method of accounting for
indirect costs. CINCAS uses discrete discounting, with the accounting period
set at one month, while GEM uses continuous discounting.

The other method, used in GACOST, is called the "discounted energy cost"
method. The difference between this method and discounted cash flow is that it

initially calculates the cost in each accounting period per unit energy rather
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than calculating initially a cash flow sequence. This unit energy 1s then
discounted to obtain a levelized cost. This method superficially does not
seem to differ from the discounted cash flow method except in the order in

which the calculations are performed.

5.6 Code Utility

In the final analysis, the quality of a code must be judged not only on
its theoretical basis and its calculational procedures, but also on its ability
to communicate with the user. A code which does not generate understandable
and useful results has little practical value. But the concept of communication
involves more than the printed output. It includes the preparation by the
user of the input which accurately specifies the problem and identification by
the code of obvious inconsistancies in the input. Comparison of codes should
then be based on two functions, input and output. The many options provided
by each code usually affect the type of input and output rather than the cal-
culations done by the code. In fact, most options are provided to allow the
user simpler methods to model his particular problem. The following discussion
then, will address the input and output procedures directly and include in
this discussion the options provided by each éode.

When the batch concept is used in fuel cycle cost calculations, each cost
component calculated by a computer code is calculated initially for each
batch. This idea may be approached from a different point of view. 1In each
batch analyzed, the code initially performs calculations for each cost component.
In other words, the distinction between batch costs as a function of cost
components and component costs as a function of fuel batches depends primarily
on which one you are interested in. Since bo;h are calculated by the codes,

this distinction is of little consequence to the user. It forms, however, a
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basic difference in the input/output procedures in different codes. Should
input data be organized such that you input all component data for each batch,
or should you input all batch data for each component? Generally, CINCAS

and GEM input data on a batch basis, whereas GACOST uses the component concept.

Each has its advantages, as discussed below.
5.7 Input

Specification of a fuel cycle problem by a code user involves the inputing
as a function of time of three groups of parameters: economic data, mass flow
data, and cash flow data. Economic data involves the price of each activity
which contributes to nuclear fuel costs (yellowcake, fabrication, reprocessing,
etc.) and the data necessary to calculate the magnitude of these activities
(losses and penalties associated with each activity) and the capital charges
(carrying charge rate, income tax rate, etc.). The mass flow data delineates
the change in the isotopic composition of the fuel while it resides in the
core. Cash flow data specifies the particular time when payment is to be made
for cost components (ore, enriching, reprocessing, etc.). A summary of the
major parameters which must be inputed as a function cof time is shown in
Table 14. Since there are more than thirty parameters listed in this table
and considering that each is a function of time, it is obvious that the prepara-
tion of input data is a formidable job.

To.simplify this preparation, it is necessary to find a common denominator
ameng the parameters other than time., There are two obvious ones, the fuel
batch and the fuel cost coﬁponent. The batch concept is attractive because
the number of batches is limited (usually less than 50). If you can standardizethe

the mass flow data for several batches (equilibrium batch), the only variables
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Table 14. Major Computer Code Input Parameters

Economic Data

U40g

Conversion
Enriching
Fabrication
Plutonium
Reprocessing
Reconversion
Storage
Shipping

Mass Flow Data

Carrying charge

Income tax

Dividend rate

Bond interest rate

Bond to total debt ratio
Losses

Penalties for U236 apd y232
Escalation rates

Initial isotopic composition
Final isotopic composition

Capacity factor
Power level
Efficiency

Cash Flow Data

Insertion and removal date of fuel

U308 payments

Conversion payments
Enriching payments
Fabricatlion payments
Storage payments
Reprocessing payments
Reconversion payments
Shipping payments

Spent U and Pu receipts




68

remaining are those associated with costs. And, 1f these costs are assumed
constant, the input data simply consists of the initiation of all the parameters
and then a schedule of batch residence times. This, indeed, is the procedure
used by both CINCAS and GEM. Table 15 shows a list of the cards used by GEM.,
After initiation of a case, the code reads a set of cards for each batch. Only
the first batch must contain all types of cards. Subsequent batches need only
have an ID card to designate in-core residence time. The code automatically
uses all other data from the previous batch. It should be noted, however,.that
any data can be changed with each batch.

The selection of cost components as the common denominator does not seem
to have the simplifying advantage of the batch concept. But, as illustrated
in Table 14, the number of cost components, and even the number of necessary
input parameters, is limited to a specific number, regardless of the size of
the reactor history (and number of batches) involved in a particular problem.

If the actual operating procedure of a utility is considered, the cost component
basis for input is more logical than the batch basis. This 1s because most

input parameters are determined independently. For example, design considerations
determine what the isotopic composition of all batches must be. The parameters
associated with fabrication, however, are determined through negotiations with
private corporations which are independent of design procedures. The same

applies to each major cost component. The grouping of input into the cost
componeﬁt categories then more nearly models utility operating procedures.

The operation of the batch basis input was direct and simple: designate
the number of batches and read a set of input data for each batch. In the
component basis, however, the situation 1s not so simple. Table 16 lists the
cards which must be inputed Iinto GACOST. There are many more kinds of cards

than are needed in GEM. This would tend to leave the impression that prepara-



Table 15. Carde Type Description, GEM

| ]
oWk N oD

ST~ wNo D

\O 00~

10

11 (Optional)
12 (Optional)
13 (Optional)
14 (Optional)
15 (Optional)
16 (Optional)

Control Cards

BWR
INPT
END

Case Data Cards

Batch

Case Identification
Case Dates

Case Description
Case Output Optilons

Data Cards

Batch Identification
Uranium Prices
Fabrication and Service Costs
Feed Losses
Plutonium Prices
Fuel Weights
Number of Enrichment Types and
Energy Time Steps
Uranium Enrichment Data
Energy Production
Economic Parameters
Batch Output Option
Prepayment Schedule
Frontend Package Prepayment Schedule
Plutonium Storage Information
Postburn Sale/Transfer/Charge Schedule
"Rear-end Package' Sale/Charge Schedule
Escalation Information
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Table 16. Card Type Description, GACOST

Type Description
Title 1 Title
Title 2 Title
1 Option Selection
2 Option Selection
3 Energy Production
4 Interest Rates
5 Output Options
6 Region Volume Fractions
7 Reload Sequence
8 Preworking Capital add omn
9A Number Progress Payments, Ore
9B Time of Progress Payments
9c Fraction of Total Purchase/Payment
10A Conversion
108
10C
11A Enriching
118
11C
12A Fabrication
128
12C
13A Recycle U and Pu
13B
13c
14A Post Irradiation Time Intervals
14B
15A Capacity Factor/reload Interval
15B Capacity Factor/year
15C
16 Full Power Days/reload Interval
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Table 16. {Continued)

17A Fabrication Costs/Year

178

17C

18A Shipping Costs/Year

18B

18C

19A Enrichment, Ore, Conversion Costs/year
198

20A Segments With Recycled Fuel
20B

21A Losses/Segment

21B

22A Optional Penalty Application/Fuel Type
228

23A U232 Penalty Table

23B

24A U236 Penalty Table

24B

24C Fuel Dilution Factors

24D

E-1 Escalation Options

E-2 Escalation Time Period

E-3 Method of Escalation

E-3A Rate of Price Increase (Labor & Materials)
E-3B

E-3C Base Price

E-4 Escalation Factor

E-5 Base Year

E-6 End Year

25A Initial Repgion Weights

25B

25C

25D

25E Final Region Weights

26A Fuel Value/segment

26B

27A Energy Produced/segment

27B

T-1

- Fabrication Learning Curve Input
T-108
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tion of input for GACOST is correspondingly more difficult. This is true, but
this increase in difficulty is not substantial if a general procedure is
recognized. Additionally, the use of this type of input allows GACOST to
offer a large number of options without undue proliferation of input data.

A general procedure used by GACOST applies to all input parameters., As
an 1llustrative example, the input of cash floﬁ data pertaining to fuel fabri-
cation will be used. The steps are four in number:

1. Card 1. Designate parameter which invokes the option (NPROP) and

indicate limiting number (in this case number of batches),

2, Card 12A. Indicate applicable batch numbers and the number of

prepayments, |

3. Card 12B and 12C. Designate for each prepayment the fraction of

total paid and the time prior to batch insertion,

4, Repeat 2 and 3 until the limiting number has been reached.

The necessity to designate an option parameter for each input parameter
(there are 36 separate ones in GACOST) seems to be rather cumbersome. It is,
but the benefits as far as code capabilities are greatly increased. For
example, the input of fabrication prices (for both uranium and thorium fuel
cycles) can be performed in four separate ways:

1. Designate different prices for each batch,

2. Designate different prices for each year,

3.. Designate base prices which are then escalated by variable per-

centages according to material and labor costs,

4, Designate base brices which are changed according to analytical

learning curves.
The more significant options offered by GACOST are mentioned in Appendix D.

To compare the effectiveness of the two input procedures requires an

understanding of the user for which the code was designed. GACOST was designed
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for flexible, high volume use in a continuing nuclear industry. As such, its
input procedures are complicated and require a significant amount of study

and use for an individual to take advantage of the wide range of options it
offers. GEM and CINCAS are capable of supporting the professional in the
nuclear industry, but they are also designed for use by novices in the field.
University students, for example, with little béckground in fuel cycle mechanics
or economics would be able to prepare accurately proper input for these codes
after a cursory reading of the applicable manual. The major advantage of the
batch input 1s its simplicity, while the component input offers the user

greater flexibility.
5.8 OQutput

The usefulness of a code is limited by the ability of a user to interpret
its calculations. In these codes, the primary calculation is the levelized
cost of fuel over the history of the reactor. But to be able to utilize
correctly this cost a user must be able to determine the impact of different
cost components, the cost of different fuel batches, and the distribution of
these costs in time. Again the choice must be made whether to output batch
costs as a function of cost components, or to output component costs as a
function of fuel batches. It is logical that output should follow the same
procedure as input, and CINCAS and GEM organize output on a batch basis
while GACOST is organized on a cost compon;nt basis.

The batch basis input/output greatly simplifies computer workflow since
data associated with a particular batch can be oufputed prior to accepting
input for the‘next batch. This can greatly reduce the size of the code (Note
that GACOST requires almost twice the storage space of GEM, four times.the

space of CINCAS). However, it necessitates the division of output into two
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geparate blocks, batch output and case output. It 1s possible to retain the
calculated costs and display an overall case summary, but the varlation of
input parameters cannot be displayed in the same manner since they are
destroyed after each batch costs are calculated. Input/output on a cost
component basis allows the output of a distribution of an input parameter over
the entire core history. This output can be useful in analyzing a problem
which uses, for example, computer aided price escalation.

The selection and organization of output data must, to a certain extent,
be predetermined by the code. A user should have the option, however, of
suppressing certain data which are of no interest to him. A user concerned
only with the final levelized cost should not be presented with a detailed
summary of batch mass flow data, for example. Each of the codes has attempted
to allow the user to exert a certain amount of control over the output. CINCAS
allows the least control, Table 17 summarizes the major output sections
(samples are in Appendix B). Note that it is not possible to suppress batch
output completely. This led to the production of 96 pages of unnecessary and
repetitive output for the sample problem in Appendix A. The fact that batch
data are always outputed is probably the reason that case data are not
summarized on a batch basis. In GEM, both these drawbacks are eliminated
(Table 18). The batch output is neatly summarized on two pages, both of which
may be suppressed. Case summary is much more extensive than in CINCAS, and
breaks ﬁoﬁn the calculated costs by batches, years, and cost components. In
fact, the only items not summarized for the case are the input parameters.
GACOST is able to handle this by organizing the output on a component basis.
The user selects one or all of the thirty-two tables to be printed (Table 19).
0f these thirty-two tables, twenty-one summarize input data and the remaining

eleven are calculated data. When a table is printed, it covers the entire
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Table 17. Summary of Output, CINCAS

Batch Output (vs. Time)

Batch Description

Batch Mass Inventory

Batch Fuel Costs, $

Batch Fuel Costs, Present Worth §

Batch Summary, mills/kwhe or ¢/MBTU (optional)

Case Output (vs. Time) (optional)

Case Mass Inventory

Case Fuel Costs, $

Case Fuel Costs, Present Worth $
Case Summary, mills/kwhe or ¢/MBTU

Table 18. Summary of Output, GEM

Case Input

Batch Output

Batch Description Page
Batch Economic Analysis Page

Case Output

Case Description Page

Batch Summary Page

Yearly Batch Costs Page

Yearly Case Costs Page

Yearly and Cumulative Fuel Cycle Costs Page
Batch and Cumulative Fuel Cycle Costs Page
Case Evaluation Page




Table 19. Output Tables, GACOST

WO 00 N Ot

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
34,
32

GCA Company Heading
Plant Characteristics

Indication of Whether or Not the Cycle is a Buyback Cycle
Indication About How Preirradiation Working Capital is
Treated

Progress Payments

Time Characteristics

Reload Characteristics

Fabrication Cost Parameters

Fuel Handling Cost Parameters

Ore Cost Parameters

Source and Disposition of Fuel

Fuel Losses

Application of a U-232 Penalty

Application of a U-236 Penalty

U-232 and U-236 Deduction Tables

Core Loadings vs. Time

Fuel Mass Flows

Fuel Values at Insertion and Discharge for Each Segment
Energy and Capacity Factors

Yearly Cash Flow

Values and Cdsts Per Reload-Interval and Segment
Value of Fuel in the Core vs. Time

Expenditures, Values and Costs per Segment

Reload-Interval Fuel Cycle Cost vs. Time

.Reload-Interval Fuel Costs vs. Time

Yearly Levelized Fuel Cycle Costs vs. Time
Yearly Levelized Fuel Costs vs. Time
Levelized Fuel Cycle Costs vs. Time
Levelized Fuel Costs vs. Time

Burnup per Reload-Interval

Escalation Table, Escalation Factors
Escalation Table, Escalated Costs

Fissile Loading Factors
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reactor history, eliminating the necessity of artificially breaking output
into batch and case sections. Again, as in the input, use of the batch basis

simplifies output, while the use of the component basis increases flexibility.

5.9 Code Evaluation

Determination of which code is "best" is a very subjective process. It
involves the two major topics already discussed, calculational procedures and
code utility. Since code utility is primarily a function of the code user,
it cannot be applied directly in an objective evaluation of the codes. The
calculational procedures, however, should provide all users with consistent
and accurate results. For this reasonrthe primary means of comparison among
the codes will be the calculational output.

The medium for this comparison is a sample problem formulated épecifically
for the purpose of code comparison. Details of this problem are presented in
Appendix A, The selection of a one year interval between reloadings, with all
reload intervals starting on the first of the year, is intended to insure
correspondence between accounting periods. This is necessary since the output
of GEM and CINCAS are based on a calendar year whereas GACOST outputs on a
reload interval basis. Similarly a simplified 12% carrying charge rate with
no income tax was used since each code treats the input for capital charges
differently. Even with these modifications, it is difficult to compare directly,
since the procedures used by each code vary considerably. For example, each
code calculates a figure titled "uranium" cost for each yeér for each batch.
Unfortunately it is impossible to compare these numbers since they actually
are different costs. The GEM calculation includes uranium depletion and the
contribution of carrying charges in the preburn, burn and postburn periods.
CINCAS does not include in its calculation the carrying charges associated

with the postburn period, and GACOST calculates only uranium depletion.
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Similar differences are found in practically all the calculations done by

the codes. In fact, the only numbers which can be iifted directly from the
code outputs and compared are the levelized costs on a yearly and batch basis
{Tables 20 and 21). Inspection of these results shows that there are no
substantial deviations in the calculational results of the codes.

Which code, then, is the best? This can only be answered by the user.
Below is a summarized eﬁaluatiou of each code,

CINCAS. The simplest and smallest of the codes. Its capabilities are
limited primarily in the evaluation of indirect costs (fixed accounting period
and average carrying charge rate) and gscalation cf price data. User has
little control over output, but the code is easy to use.

GEM. This code gives the impression of being an advanced version of
CINCAS. The theoretical procedure is much more advanced and allows the user
greater flexibility in the use of price escalation, thorium fuel cycles, etc.
The user has more control over output, and the output is very well organized
with much more emphasis on case evaluation.

GACOST. The code with the greatest flexibility, it is also the most
difficult to use. Input procedures are organized differently than GEM and
CINCAS because of the greater number of options available. For high volume

use, however, it offers the greétest modeling flexibility.
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Table 20. Sample Problem Yearly Levelized
Costs (mills/kwhe)
CINCAS GEM GACOST
1983 4.8501 4,4921 4,823
1984 3.6197 3.5859 3.623
1985 3.2816 3.2646 3.294
1986 3.2816 3.2271 3.294
2005 3.2186 3.2275 3.294
2006 3.5418 3.4336 3.553
2007 4,5009 3.9655 4,503
Table 21. Sample Problem Case Levelized
Costs (mills/kwhe)
CINCAS GEM GACOST
Batch 83A 6.5717 6.5053 6.5179
83B 4.1944 4.1724 4.1877
83C 3.3087 3.3016 3.3158
Case 3.5090 3.4983 3.513
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APPENDIX A: SAMPLE PROBLEM -

In order to provide comparative results from each code to aid in
evaluation, each was used to perform an economic analysis of a simplified
reactor fuel loading scheme. This sample problem 1s based on data which was
gleened from current market information. The reloading scheme 1is not typical
of actual reactors, since it is geared towards simplifying the comparison of
calculations rather than optimization of fuel usage and power distribution.

The core was divided into three equal regions which all have the same initial
isotopic composition. Each region experiences the same écnstant power level.
Batches are assumed removed and inserted on the first day of each year and

- one third of the core is removed each year. This scheme 1s very inefficient,
especially for the first and last core, howevef, it is useful for comparing
computer codes.

The data used are shown in Tables A-1 through A-4. To aid in identification,
each batch 1s numbered with the last two digits of the year that fuel is inserted
inte the reaétor. The initial core has the batches labeled 83A, 838, and 83C,
with 835 remaining in the core one year, 83B two years and 83C three years.

The computef outputs for each of the codes are shown in the appendix which

describes the code,



Table A-1l. General Data, Sample Problem

Type

Capacity

Nuﬁber of Regions
Startup

Shutdown
Operating ﬁistory

Batch History
(Equilibrium)

Total Batches
Capacity Factor

Plant Efficiency

PWR
1000 MW(T)
3
1/1/1983
31/2/2008

25 years

3 years
27
.85

.33
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Table A-2. Mass Flow Data, Sample Problem

Batch Number 834,07 838,06 83C,05
Initial 24820 24820 24820
Uranium (kg)
Final 24487 24154 23820
Initial 3.20 3.20 3.20
Enrichment (wt%)
Final 2.45 1.70 .95
Initial 4.746 4,746 4.746
Separative Work Units
Final 3.123 1.603 .308
Plutonium Discharged (kg) 52 104 155

Energy Produced (BTU)
(x 10-13) 2.033 4.066 6.099
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Table A-3. Cash Flow Data, Sample Problem

Cost Number
Component of Months

Prior to Insertion

Procure UBOB 12
Complete Conversion 10
Complete Enriching 7
Fabrication -  20% 7
407 6

60% 5

80% 4

100% 3

Af ter Removal
Spent Fuel Cooling ' 4
Shipping 7

Reprocessing 10




Table A-4. Economic Cost Data, Sample Problem

U308

Conversion to UF6

Enrichment

Fabrication

Spent Fuel Shipping
Recovery
Reconversion
Plutonium

Annual Carrying Charge Rate

15.00 $/1b
(33.07 $/kg)

1.50 $/1b
(3.31 $/kg)

54.00 $/kg
(tails = .2%)

100.060 $/kg
25,00 $/kg
140.00 $/kg U
5.00 $/kg U
12.00 $/gm Pu

12%
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APPENDIX B: COMPUTER CODE CINCAS
General

CINCAS is a nuclear fuel cycle cost code designed to be used for either
engineering economy predictions of fuel cycle costs or for accounting forecasting
of such costs. It was developed as a joint effort among several midwest utili-
ties, architect firms and universities. Code listing, sample problem and

manual were obtained from the Argonne Code Center, Argonne National Laboratory.
Theoretical Procedure

CINCAS deals exclusively with a one month time interval. The objective of
the code is to properly determine all costs associated with the nuclear fuel
and then allocate them to each month of the fuel history in accordance with
the amount of.energy produced. Since there is no energy produced prior to
insertion into the core, capital charges associated with prepayments are treated
in 2 manner similar to interest during construction and added to the inventory
value of the fuel as it is inserted into the reactor. The capital charges for
the post-irradiation period are very similar, but they are treated as a separate
cost item and calculated from the date the batch is removed from the core.

There are, including the post irradiation charges already discussed, ten
cost ca;egories directly addressed by CINCAS (Table B-1). Tha magnitude of
each of the direct cost categories is determined by the difference between its
inventory value at startup and shutdown. The inventory costs (except post
irradiation) for each month are based on the midmonth inventory value of the
cost component. The primary problem, then, involves determination of the

monthly inventory distribution, This is done by determining the monthly

fractional burnup for the batch. An example set of equations is shown in
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Table B-1. Cost Categories, CINCAS

Direct Costs Indirect Costs
Uranium Expense Uranium Inventory
Plutonium Credit Plutonium Inventory
Fabrication Expense Fabrication Inventory
Reprocessing Expense Post Irradiation Inventory

Reconversion Expense
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Table B-2. 1In these equations the uranium expense and inventory values are
calculated for each month utilizing the straight line method of burnup. There
are similar calculations conducted for each of the cost components. After
calculating the inventory and expense costs assoclated with each month, CINCAS
then calculates total costs in each month simply by summing the monthly
contribution of each cost component. Once this is done, CINCAS performs

two calculations on the total costs. It first calculates the burnup average
which is a non-present worthed ratio of costs to energy production. Then it
calculates levelized average, which is the ratio of present worthed costs to
present worthed energy production. The equations for these calculations are
shown in Table B-3, and the nomenclature used in these equations is shown in

Table B-4.
Code Capabilities

CINCAS is designed particularly for light water reactors utilizing uranium
as a fuel. As such, it is not capable of handling thorium fuel cycles or breeder
reactors. The code can handle any number of batches but limits the length of
a particular case to 40 years. The accounting period of one month allows the
user to output costs up to twelve times each year. CINCAS provides a unique
output of the absolute value of cash flows versus the present worthed values of
both cash flows and unit costs. The major options availlable in CINCAS are in
Table 5-5. |

Input.in CINCAS is organized on a batch basis and cost parameters and
payment lead times are refained by succeeding batches. In this type of organiza-
tion it is necessary only to identify the batch with a card and designate
appropriate burnup data 1f cost data is unchanged. It 1s possible, however,

to change all data, except case present worth factor, for each batch. The only



Table B-2. Formulas for Uranium Monthly Cost Calculations
CINCAS

Incremental Monthly Batch Burnup Fraction

F .
AB = AB /0

Uranium Expense

U U U U F
= * & * * + *
UEX{(J) (WO VD YF3 WN VN AU) ABJ

Uranium Inventory

URIN(J) = RON * W - ﬂ?F x (g * WE % (CSHIP + CREP)
+ YF3 % CREC * W)
where: G = Wg * Vg / (Wg * Vg + Wgu * VPu)
W= WD K VD A+ e

U, U U, U
(W * Vg o+ by - YF3 R W% V)
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Table B-3. Formulas for Total Cost Calculations, CINCAS

Burnup Averages

Levelized Averages

N
}  ($/month),
i=1 -

) ($/month), * P(MD,)
551 3 3

N
j£1 ABj * P(MDj)
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Table B~4. Symbols Used in CINCAS

91

CFAB

CREC
CREP
CSHIP
KWHE (J)

NFPP
NMREP
NMSA

NMSTO
P(MD)
RON

-3

<
Zouwao oo

[

=

Sy s e <

=
=

5 = = o=
wZocuddoo

B>
==}

o
<

AB

unescalated unit cost of fabrication, including taxes $/kg
fabricated uranium

unit spent fuel reconversion cost, $/kg reprocessed U
unit spent fuel reprocessing cost, $/1b discharged U
unit spent fuel storage and shipping cost, $/kg discharged U

electrical kilowatt-hours produced by batch in Jth month of
in-core time

month date number associated with in-core month J
number of months between startup and discharge
number of fabrication progress payments

number of months batch is in reprocessing

number of months batch is between end of reprocessing and
combined reconversion and sale

number of months batch is in spent fuel storage and shipping
present~worth factor to end on month date MD
on-site monthly carrying charge rate for fuel (fraction)

unit value of uranium in batch at star<up, $/kg U
unit value of uranium in batch at end of month J, $/kg U
unit value of uranium in batch at discharge, $/kg U

unit value of plutonium in batch at recovery, $/kg fissile Pu

kg fissile Pu In batch at startup

kg fissile Pu in batch at end of month J

kg fissile Pu in batch at discharge

kg uranium in batch at startup (same as BMU)
kg uranium in batch at end of month J

kg uranium in batch at discharge
yield fraction of uranium reprocessing

capitalized interest on uranium progress payments occurring
before batch startup

monthly incremental batch burnup of in-core month J, MWD/kg
initial U

incremental monthly batch burnup fraction of in-core month J



Table B-4 (Continued)

1

end-of-month cumulative batch burnup for in-core month J,
MWD/kg initial U

batch burnup at discharge, MWD/kg initial U

mid-month cumulative batch burnup fraction for in-core month J
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Table B-5. Major User Options, CINCAS

Economic Data

Escalation of fabrication payments

Simple or compound interest on
prepayments

Optional present worth calculations
Income tax calculation

Separate interest rates for
prepayments, off-site and on-site

residence, and present worth

Mass Flow Data

Straight line or actual-value burnup
Reinserted batch

Input/Output

Input for one batch applies to all
subsequent batches until changed

Varilable case analysis dates

Always outputs $ with option of
mills/kwhe and/or ¢/MBTU

Cutput up to twelve times yearly
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restriction on this change is that the first batch in the input stream must
also be the first batch inserted into the reactor.

The output of CINCAS is also organized on a batch basis. The major
drawback of the output is that the user does not have the option of suppressing
the summary of each batch. This is probably the reason why the case summary

output is not done on a batch basis.
Code Results

The output for the sample problem in Appendix A is shown in the following

fipures: |

Figure B-1. Batch Description,

Figure B-2. Batch Mass Inventory,

Fibure B-3. Batch Fuel Costs, §,

Figure B-4. Batch Fuel Costs, Present Worthed §$,

Figure B~5. Batch Summary, Batch 834,

Figure B-6. Batch Summary, Batch B3B,

Figure B-7. Batch Summary, Batch 83C,

Figure B-8. Case Mass Inventory,

Figure B-Y9., Case Fuel Costs, $,

Figure B-10. Case Fuel Costs, Present Worthed §,

Figure B-1l1l. Case Summary.
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APPENDIX C: COMPUTER CODE GEM

General

Program GEM, "General Economic Model to Analyze Nuclear Fuel Cycle Costs,"
was designed for use by large utilities which may have several types of reactors.
The structure of the code is such, however, that it can be used effectively by
the fuel supplier and university students in addition to the utility [1]. It
was written by John A. Hughes and Daniel F. Hang of the University of Illinois
in 1973. The code listing, sample problems and manual were obtained from the

Argonne Code Center, Argonne National Laboratories.
Theoretical Basis

Calculational procedures are based on the discounted cash flow technique of
Vondy [2). This technique derives a formula for the levelized unit cost of
energy in terms of cash flows and capital financing parameters (Fig. C-1).

First it is extended to accept non-zero salvage value [3], and then adapted

for discounting on a continuous basis. In addition to this cash flow technique,
GEM also calculates costs on a fearly cash flow basis and by a technique called
allocated costs. The basis for both these calculations is the modified cash
flow method.

The transition from discrete to continuous discounting involves determina-
tion of the limit of the discount factor as the accounting period goes to zero.
A comparison of the most significant discount parameters is shown in Table C-2.
A more difficult problem arises when considering the continuous distribution
of costs over the burn period. This distribution is based on the distribution
of energy production, which is a difficult function to determine accurately.

The problem is solved by dividing the burn period into periods of constant

energy production. Then, during any period i of constant power
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Table C-1, Levelized Unit Cost of Energy, Discount Technique

N -nlz(n) r
n£0 (1+x) [(1—1:) = V() +0(n) - 7 D(n)]
P= T - ,
I ™ Q)
n=1
where
D(0) = 0(0) = Q(0) = 0,
X=j(-r) b + i(1-b) .

The terms are defined as:

n

Q(n) = amount of energy sold during the period,

Z(n) = investment,

V(n) = income other than sale of energy,

D(n) = depreciation,

O(n) = deductible operating costs,

P = unit selling price of energy to return all investment costs,
X = discount factor,

N = history life,

r = tax rate on taxible income,

i = required return on stock,

j = required return on bonds,

b = fractional indebtedness in bonds.



Table C-2. GEM Discounting
Parameters
Discrete Continuous
Discounting Discounting
x = a-jbR r = In(l+x)
=-m-—x =-———r
Fo = TR Porc ™ TR
Where:

Inventory Cost

a = jb + i(l-b)

P00 X Investment

112
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q(t) = Q;/(ty - t, ) (c-1)

where

Qi = thermal energy produced in period 1,

- = jod i.
ti ti—l length of period i
Energy continuously discounted over n consecutive periods is
ta -t(t-to) _
P(n) = f q(t) e dt . {c-2)
t
o

Substituting Eq. (C-1) and integrating yields

n exp (r(ti—ti_i)) “ 1
P(n) = 121 Q [ )

] exp (r(t -t;)) (c-3)
1

This method is also used to distribute indirect costs over the burn period.
In the cash flow technique, the levelized cost of energy is interpreted
as the ratio of the present worth of all cash flows to the present worth of
all energy produced during the levelizing period. Table C-3 shows the
equations used by GEM for calculating the cash flows. Recognizing that

NL

(n-t)
dt c(t) e" = J (cp_ + CB,_ + CPO,) , (c-4)
JTn k=1 K K %

and that

f at pe) &0 gy (c-5)

Tn
one can calculate the levelized costs for whatever period desired for a single
batch or the entire core.

The equations used for the allocated costs calculations are shown in
Table C-4. This calculation takes the cash flows, divides them into inventory
and expense costs, and allocates them to each burnup peried according to the
amount of energy produced during that period.. The results are identical to

those obtained from cash flow calculations.
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Table C-3. Tormulas for Economic Analysis, Code GIEM

Levelized Costs

J dt ¢(t) er(”_t)
T

c'(r) = —%
N r(n-t)
dt P(t) e
TN
Cashflow Analysis
n, di
CP, =P AL ] (f1;  * (Q+) © - 1)/x)
i-1
AFk
CBk = i:ﬁ-(l—exp(*rtn’o))

T Q, rexp(rt, . .} -1
+ (AIk—AFk) ® (1 - I%ﬁ ) {—£ [ 2 L ] exp (Tt i)} )

. rt,
i=1 t tlal_l

: B, =84,
N 1 - (1+x) ?
- CPO, = P AF, ¥ {fzi,k [ }}
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Code Capabilities

The method of analysis is independent of reactor type, and GEM is capable
of handling PWR, BWR, and HTGR systems. The cash flow, yearly cash flow and
allocated cost calculations are done initially on a batch basis. Fuel cycle
costs are calculated on both a yearly and cumulative basis. Through case
studies, it is possible to look at either a portion of the core or the entire
nuclear output of a reactor throughout its lifetime. Since the sizes of the
arrays in GEM are carried as variables, they can be changed to accomcdate smaller
or larger computers.

Input data are organized on a batch bgsis. There are sixteen types of
‘cards which may be used to describe a batch's history. The primary options
available are shown in Table C-6. Once certain data are inputed for a batch,
it remains in effect until changed. For example, if the cost of U308 is
specified for the first batch and not specified in following batches, the
code automatically used the original cost for all subsequent calculations.

This is also true of payment schedules, which are converted to lead times based
on batch startup. The code manual states that the only card necessary is the

ID card. But it should be noted that burnup data are not converted in the same

manner as payments and if there is any shift in time of the burnup period, the

code will not compensate. Therefore, the minimum number of cards necessary for

a batch is two, the ID and a burnup card.

Code Results

The output for the sample problem in Appendix A is shown in the following
fipures:
Figure C-1, Case Input,

Figure C-2. Batch Description Page,
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Table C-5. Symbols Used in GEM

AF

Al

BEC
BIC

c(t)
CB
CP

CPO

Final value of kth component (if charge for service to be
performed in post burn period, the negative of total charge).

total initial worth of the kth cost component (zero if charge
for service to be performed in post burn period).

debt to total capital ratio
expense costs for a typical kth cost component

inventory costs associated with a typical kth cost component time
valued to startup

fuel cost per unit time
burn period cashflows for typical kth cost component

preburn inventory charges time valued to startup for a typical
kth cost component

postburn time period cash flows for a typical kth cost component
referenced to batch startup

time between ith prepayment and startup date

fraction of total initial investment for kth cost component paid
by the ith prepayment

fraction of total cost paid (received) by ith payment (sale)
during postburn time zone associated with kth cost component

equity return rate
average bond interest rate

number of payments (sales) which make up the total payment
(sale) associated with kth cost component during postburn period

total number of prepayments made for kth cost component

thermal energy produced in period i

total thermal energy of the batch

batch thermal energy time valued to startup

income tax rate

date that ith payment (sale) takes place for kth cost component
shutdown date

startup date

e "
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Table C-6. Major User Options, GEM

Economic Data

Allows different prices for initial and salvage
Calculations

Escalation of all costs in preburn and postburn
periods

Input bond interest rate, dividend rate, income tax
rate and fraction of capital in bonds

Parity value for discharged or recycled fuel

Mass Flow Data

Allows up to six periods of different power levels
for each batch

Recycled plutonium and uranium
Treats plutonium storage separately
Variable losses for fuel cycle processes

Input/Output

Input for one batch applies to all subsequent batches
until changed

Output in mills/kwhe or cents/MBTU

Batch output and/or case summary page




Figure
Figure
Figure
Figure
Figure
Figure
Figure

Figure

References

c-8.

c-9.

C~-10.

119

Batch Lconomic Analysis Page,

Case Description Page,

Batch Summary Page,

Yearly Batch Costs Page,

Yearly Case Costs Page,

Yearly and Cumulative Fuel Cycle Costs Page,
Batch and Cumulative Fuel Cycle Costs Page,

Case Evaluation Page.
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3. DANIEL F. HANG, "Fuel Cycle Economics," Education and Research in the
Nuclear Fuel Cycle, D. M. Elliot and L. E. Weaver, ed., University of

Oklahoma Press, Norman, Okla., 1972.



120

1

39v4

WVip= 0 on
-

wnHo

1

P

-
-l

—lv«nwv\ar-mO*B

(o) [ -

2851710780

1

00"%s

1
€851

andul sse)

g€
1561/10/10
£E”
£661/10/10
13
6651/10/10
et
8061/10/73
e

1861410710
£E"

z

1269
2351710710
EE"

z"

S0EY”
5851/10/10

z°
z*

€E”
2z

gezre”

00*%s
486T/10/10
1

1

*T-0

0651

9351

6351
e

%351
e

1
2351710701
€351/10/L)

€351
L

03°¢
05°1
1
1

9an814
1€ 21
2851 /10710
1€ 21
LB6T/10/10
1t 21
984T/10/10
1t z1
s861/10712
1€ 21
%B51/10/10
1€ el
"001 55°
*028¢€2
£861/10/10
1€ z1
*00l oL*1
"yeled
EBS1/10/19
0" 1
01
o1
0°1
91
1 1
2
2
0"t
5°1
0°1
1 1
1 2
zte
1% z1
“001t osy*Z
1 0
“rtay%ve
=200zt
00"0%1 oo*sZ
0s°1 0051
£851/10/19
1 1
5002 ¢ast

NOSI¥7dKWII 3002 - W3TEQYd 35vE

i1
B9 KILv3d
"Dt
L3 HILlva
"ot
73 HI1va
“0¢
§3 HILVY
]

¥8 HIOLVE
"0t

eIt
*0zghe

Je8 HlivE
02

htad
*02u%e

g2 HILYE
$351/10/01
L3asl/re/sol
$351/10/7L2
2351/710/21
2351712401
1

2351 /10760
2351/107592
Z3is1/10/90
2351 /10/€0
Zasl/10/10
1

1

a1
02'¢

1
*0eave
30021

co*Co1
cges1
vE3 HILYE
1

Lz

dnd

QgeeceeessppecssarseggennnrnespgrrsasatrgprrItPesapEesesesegeeesmrer e eas

andabRpigan

L L LE |

BEPERER RSN AR AN R A AR AR REE R RN

NJS IBVdWID 3002 - W3190ud 3593

t uMd) ZA3D 30223 01 LNeNi

el Rl AT LRl

FANEEsae R NN RSSO S SR IS bnRERELS

prpaanpanpeep e P P TTTTTCPT P PY ST TI TR SR LA PRSP S L LA LA RS TS T R ALl la sl d il bl b ittt itd
s

*CON Cuv)
*2N Jewd
*0% Scv)d
"LN Qxvld
0N 2ef)
*CN QJavid
“ON 0cv
*0v Cgvd
TUN Jeu)
=N Je%)
*oN Jred
oM Cu7)
"N Je12
*ON Ca?)
*0M CeYd
=IN Gev)
*UN Qev)
*AN 37D
*UN Jav)

0N Cevd-

"ON G4V
0N Cev)d
‘3N uev)
0y Jev2
LN Cev)
“ON Juvd
"Ch Onv2D
*IN Cevd
“ON Qe7?)
*0N Oevd
*uM Jedd
*uN Je?)
"ON 0%&f2
*0N Je#)
"uh Qevd
*0% 3=v)
*IN Sov)
*UN Ceva
"0ON 2a7)
*uh Qcv)d
*a4 Jev)
"CLN Qevd
*Ch Cwed
"IN Jevd
"LN Qevd

vi¥Q
viva
%47
vive
yiva
vivyd
xL7Q
vivl
vivd
vivd
vivd
¥iva
viva
V173
TIVO
wiv3d
193
v173
¥173
%173
vield
vivg
ViFU
vi¢ld
v1va
vivd
7480
viva
7i%2
YLv3
vivd
Viv3
viva
vivd
viva
Yivau
¥17Q
vivd
¥i9d
Viv0
viva
visa
viva
viv3
Y173

Quid 1341%32

NWN0D



121

4

39vd

® @ @ @ M Mo NS

@ o < «© -] -] [}

o

@ o o

1

t

1

1

1

1

1

X

1

1

1

1
.
1

!

1

1

1

1

=-oL
LA LR 2L L]

RA LB LT 2Rt 1A T

essasspgesae

anduy ase)

EE” 1302
z° L
9e21Z*
g202/10/10

£E" L3232
o 1L
ROfFY*
€202/10/10

£E€" L3322
822z/10/12

EE" 9002
L3p2/10/10

£€E" £232
conz/1c/10

€E" %222
$002/10/12

(30 €002
%30&/10/10

£E” Zooe
£20Z/10/10

£E" 1022
20nZ/10/10

£€” 0952
1202/10/10

£E” 6551
00nZ/10/10

£E" 85561
6561/10/10

£e" L5517
f461/10/710

€Ee" 9551
L661/10/10

£e" $551
9561/10/12

3 45561
ss6l/10/10

£e" €551
%561/10/10

EE™ 551
£E661/10/10

EE® 1551
Zuslst0/1l0

spgereeeesengys

*1-0 21n814

1E 1
*oo1 [ 4
“LaveT
LagzZsios10
i i 1
"001 0Ll
‘relyd
900Z/10/12
1€ Z1
€302/12/12
1€ Z1
%002/10/10
197 21
gocz/sie/ 10
12 Z1
¢00Z/10/710
183 F41
1002210712
137 z1
cooz/10/12
1€ (43
6661/10/10
1c Z1
BLBTI/10/12
1€ z1
Lus1/1241D
1€ 21
Ge61/210/710
1€ 21
SE61/10/710
1t Z1
Y661/10/12
1€ 21
EEHT/TID/ 1D
1t 21
265T/12/712
1t z1
1661/10/10
1€ 21
OL61/10/712
i€ r4s
5851/10/12

seesmprrscrsmepnzEres

‘ot
02t
wozew

LD HILVE
ez

0Z°¢
"0Za%w?

9] H2ivE
*DE

53 HIlva
*lc

%0 HIIV3
"0t

€0 HILvE
0c

¢ HOLVE
e

12 niiva
*3g

00 HI1vA
"JE

55 HILVE
"0E

8% HOivE
*oe

L% HI1vA
"0t

96 HILVA
"GE

&5 HILVa
*ai

%5 HIIVE
11

£5 Hi1ve
*0c

2% HOiva
*De

1% HJLvVE
“0¢

2% HlLva
*0c

58 HILlva

asg

LA LI Rl E R R L R R LI R Y Y L P Y T FII T T I st}

NJISIBVEAID 302D =~ A379J¥¢ 3SVE

tMd] Z439 300 DL LNdNI

.i.Iillll.tl"‘i.l‘ii".tltlIliﬁiifiiﬂlI*1!.!!'!.‘.!!...'!?&.!.!

-
L

-
-
*
-

"ON Ouv)
*ON Jevd
“CN Qrid
*2N Qevd
LN Je?)
*ON Ox%)
“UN DJeva
*ON Qcv)
"ON Zrv)

(N derd
*CN Jav)
"lN
“CN

NH110)

vivaQ
vivd
A P8 &4]
vi7Q
Yivd
vivu
vivia
vivd
viza
¥L9U
siva]
Vivd
vivl
7iw0
visd
vivd
vivyg
viv]
viva
viva
viva
¥iva
7193
Y192
vi70
viel
¥iwd
vivad
1732
vivQ
vivd
¥1v3
viva
¥ig3d
7ivg
vivd
vivl
vivg
viva
¥i%d
vive
vied




-

122

ageg uopzdraoseq Yyoiey

*z-0 @ind1g

*03*1 9Bslse s0OT
sp0"1  9851/2 201
091 98e6l/Z /AL
02°1 @3s1/2 sO1
L1001 9E6T/Z /01

NOISHIANDD 24
ON153320 8434
aNlddIAS 303 LIv3aes
WOLENT1IN Y

AlINY Y

SR PSS ISR SRR E IR PR E AR AR RN S E AN BRI T AR R R G A G A A KPP PR A ARSI E R RN BRSSP R A S F R A AR L L XA SN QAT RRAR G R R RS P P A PGSO oS

‘0z

9 28611 /01

Z861/1 /6 fcz-o

*13*0

Z861/1 /8
2851/1 /%

‘pz*0 ZasU/T sL
“40°0

fr3asNydl 83 379S ¥l LRNIWAVE IVLIOL 30 NITLOv¥d *31v3 ¥ 3AN03IHIT INIAAVALISId
‘pz=d

o2 3
*e¥"D

28861/1 /9

285171 /E 2a61/1 /1

NUlLv3lu3va
FHIST AN

L T R T P A T T Py Ty L Y R L L L I N Y PP R P DR PN S R P R

LIE"QEE
s2e*ell
gce* %Lt
2057565
G 0
195°5663
Le2*dsa

NeNd sS04

BL1"Z66%1
0=0
€ 00
0*2
cocesse
= 2*3
1- 811°01521

KuNuidd

f ¥335NVYL 3 LINIWAVYE TVIOL 30 NIJLIVHY

23193 ) 3N0IHIS 1NIsAVd3Yd

03000t Csb*0 0nz¢
1590 a-0
*223€2 e F4°L T4
Iviol 0o0t"0¢g 2°0
13nd 40 Dd  IeNid IYILIN]
NJIISH3ANID3Y wamaxsvcmskinexeces 319YL FENSULX3
ONISS320%43Y
DNIddIA4S 13Nd LN3IQS
NDILlYOlHWgvd DOZI*D 3ivd Iod¥HI Q3XI3 T¥NRNY
< WNAINDLNE ggzito 3ivy LNIDISIG WNKNY
ANLINY 8N o0 217y XYl INIINI
gozi-o 31vd N¥NL3E ALIND3
2*0 0jlvd 1830
2°0 3174 1S3431INI ONIR
meae-SHILIAVEVE DININIII==—=——

{00013 GINTIVASNIL-NON) SYIISNVEL/SITVS/SINIWAVY TVIOL

000" 1

N¥ng1sad
32124 031

sessrsmsdasussnnansnsrsa [(*TIN] S$3§537 ON) SININDIWOD

9861 *1

40 ©didvd Allulvd ANddY N IN3IJS ¥0 *AD3¥ HO4 *N HSIWY ND Q3Sve 51502 N

$3I0ON

Seen "J)%d 1
N4 *2%a Ln
10%) 13N3
(ON/0MA)4TN403

EWNEEg EFISBIEBESELE S

o *d3Y ANINI LN
*0 *d3z2 AIhvz"
o K20 lvdl wavid
4] 94 21 BIEN

{3334 J0 LIN3IDB3Id) 535537

NJIISE3ANIIIY ONY ONISS3DD4dId YILIY se
oN 2052 (1302 O%/%) "dINS !
oN 70°s {7 9473 “ANDI Y
oN 00"0%1 {13Nn3 dx/%) *D1d43d 01°351 %C*"%07 (SESERLE PSR SN
oy 0o*cot 11374 9u/% ) "8vd
onN 20°000Z1 00°00021 (Nd 9#/31 nd 20001 (1374 9%/%) “avd
oN Do %g 20°%9% (%M 43S 9x/8) *Hv "d3S 03=2332% £0°3232} {Ng S¥/8) Nd
. ON os*1 0s*1 {7 BI/SI*ANDI N £5°3L 40°%06 (n anssl n
’ oN 0o*s1 co*st {E3EY @1/%) 322 N
NEN3ILSDE NuNdddd
NENGIWd 21v0 3Isva Q3LIVIVISI NmNEISO4  NENAIH4 [T
vIvas53 331¥d 35vE e —— - mm———

“NYFP

$31v0 KAOOLOMS NVYNIE

J€8 HIlve

L1503 LINM senssssssnsssssesntnsns

"IN H21Y

£53SS07T *A0K1) SHIWOM T3Nd GILSNOFCY

€851 *1  Tnvr $31v] dNLiUWVLS TVILINT



123

a8eg m.wmhﬁmﬁm oTmoucdy yajeg

0*0 OT O581°0 O J98I"0 O 0%81°0

*g~D Pandrg

‘9367319

*61%%301

-t

0*0 [3-44%}) ADYINI

“Sh0T1~ *LITB5D5 “L9T1EESS

0§95~ *53997 “»931¢g “9iZ3t
"ZlellE- *eliesil *2oasLe *00626%
“Blize- "BlEwel *JhERGT ATATAl
*0 "L92623 *572els

“16915871 - *iZ%blN-

"eeclal “LIYvSHTLE

9281 §B51 %35] £gsl

(%) wvis 341

QI1CE"E FLy%*D 08532
2910°3 <z20°D~- 1020*0
L A ) L050%0= £6%5°0
€580°0 291¢° 0~ 2121°0
1C26°0 25L0°0 15522
BE492°0~ 9260°0 551z°0-
[XFR A4 S1e%"0 £6ED0% 2
9123°D= 9123°0=
Iviol AudINIANT 35N34dx%3

sssssssns+sSiS]] CILVIITIVensunshina

IHRX *3558IE566Y

= Vuxmzm.dqbch

910€° € RS ks B g 654%2°%
551270 : #1332~ B9I3°3
LsEn*0 482070~ %Ly "D
10802 L%22* 3~ g732°3
L0Zs*0 0*2 £35%°D
1€%2%0= 91id"0D

§26%°2 91220 BlEZ*Z
vidl NiNBLSId Nd @

"GOLE Y- "09SE6E-
“LEEDYIY *eLSO015Y

L%32°0~-

40 ONINNIOIE 34l DL I3INTIVAIWIL S1S3D H4d1va AlaviA

*SLEQYLY S$IVLICLdNS ATuVIA
‘o K1 5¥3ANID34
0 UN155%320¢2430
-0 ONIddI4S T3Nd gN3IdS
*570931 NJI19dlcdvd
0 mrI%21314
*15E0%01 ANl kv en
zesl eV 3h
€£L52°D $Iv101805
=3 NOIS¥3IANTIZ
0*3 ONI553004d3 g
00 ONJddl«S 1372 Iv3ds
Z%Z0"2 NDlivdlzevs
c*a ATINILNYG
1£E2°0 WiNYan

NDILVIGPR2D pSUd

CEREERT] L¥INI 140D 1533

AAEHEERER R Rss e a s s 20 EMDTIASY Savstnssninsstaknnnn

I4HASSTIIA F12E°E

= 1503 G3Z2173A37 Wi0L

£342%/5T171A4) 001934 NyNe 341 H3IAD Q3IZITIAIY SL502 HILYE IvL0L

9861 *1  °NVP :34v3 NAOGLNAS TVNIa

2£68 HILvd "IN HDi93

.

£651 *1  "wVl $31v3 oNiYvisS WILIN]



124

L0 BE BE B L IR 2 S IE R N )

28eg uor3dridss(.iese)

*y-0 2an81a

EEREFPRAEERILERSEE PR EE NS LSRN R RID R RN R ISR S AR RS U D A GG S IR E A I P RRE NS ISR R R PSS SRR AR SRS e

-
-

BERALREE RN ASPAL RS AR BN RN RSB RN AR B AR R AP LA TR SSRGS R R RS A EBARA BRGSO RN S

iz = S3HILVE 4D ¥IIANAN

NDS1¥¥dW1D 300D - #3780¥d 3Sve

6302 0oL Zoal

AGN1S 35¥I

L4
-
-
*

-
-

L 2R B B O B BE BN BE B BN 2R 0N



125

£505°9 SROZ"Q 8%09°%
ILL"Y H490°0 L19L*E
110€e"e 9100°0~- 640" ¢
910€ "€ 9103%0- 56%07E
9ICe e 9I1C0*0~- 65%0%¢
SI1Ce*E SI1Co*0 = 564907 €
11CE"€ 9102°3~ $S%0¢E
EA 9ICI" 0~ 65%07E
91CE"¢ 912" 0= 6SH0°E
q1CE"E 918070~ eS0T
T1cee 91C3°0—- #64u0°¢
9lice ¢t 1CI3*D =~ 6640 °¢C
QICcETgE 91400~ 6550t
$13e "k $102"0— 55%3 L
lice ¢ qIC0* 0=~ you0tc
91{ie 91C2°0- 650" €
QILE“E 9332°0 - 660"
9ICE" 91CD"0~- 56%0°E
TICE"E 916273 - v5u0te
g1ce¢e S1L3°0— L5%0°E
910"t 91Co°0— 65v0°¢
§12¢°¢L 9182°0- 6sv0"¢E
11Ce" ¢ 9iCo L~ %6%0° L
910z"e 9100%0 - 6650°%
91C0E"E 9102"0- bSY0'E
L1y 24400 429L"E
£635°9 cE02*2 g%39°%
WwioL NdNJ LS04 Nong
YEEIRUBBEDFY

0269°0
959D
zLszeo
€152°0
£L562°0
€L5270
ZLS2*0
€162°0
£062°0
€142°0
ZLs2°0
£152°0
£€L52°0
£L5270
zL520
€L52°0
€620
€Ls52°0
ZLszo
£152°0
€162°0,
€£L6¢°0
2is2to
£L52°0
£052°0
95510
025370

NdNd3¥d

MDTIHSYI

a8eg Lxpumng Yyoieg

9€BS"0
65805°0
eLyy=0
LYy
9L9e 0
9Ly%*0
AR L i)
SLy%"0
SLy*)
9L5%°0
ZL4%°0
o9L%%°0
9LY¥% "D
9LHn~0
FA2 Ravl
9L%%"D
9L=s"0
QL%% "D
ZLne=0
9Ly =
9L%%"0
SLY%"d
ZLH% "D
9Le%"0
QLY 70
94,080
9L85°0

6076°%
ST99°E
L5 "2
0%58°2
0%s6°¢
[l S-41har4
6EG3°C
[af XeNrindr4
Gu63*2
(o R
6682
o%6e*Z
0%€g"2
owsu*t2
&euB*
(R AT
0n68*g
Ove3*2
peECR"Z
oY¥s3te
0=%s9°2
s g
5€63°7
o%s8°2
o%sH*2
9Z299°€C
6026°S

AHDLINIANI 3SHIAX3
snsundrsaiHAN/ ST Nk nansbssnsnnansdmes shbnl

==-1502

*207W—==

*EESTIS5021
*0T0LLINT
*D1953591
*C¥550591
*0%562371
05652591
"01363531
04552591
*0%550591
0%5503591
*01362591
05560591
*0KE6I531T
05662491
"019523591
*0¥s5C391
*055%92691
05362331
*01962591
"0v5693%1
*0%5%2591
AL TAAEAR
*uleslsel
*0%552591
04653591
LOSLLINT
"EE315021

$--1%32 TvldL

wand1Y¥ 15 0L 03NTVA3alLlens

3ovd
NDSIuvanld

AdVARNS Allve

*G=D 2iIn8TI

*2yrleeBsel
“19%10e818€E
83215322333
*05681E555%
*05531c555%
TL5568 18555
"e3fls2Cl05
*C5631cbo5%
“05531thdsY
“05531c4a5LY
"e321532203%
“Cu6alcbboy
"05Ld1eb5LY
*0s5ulesh5Yy
b T Rl e oY
*0553125357
"O05bLElcs50Y
*05531£556"%
"Q22142L336
*0sbeletsel
*0553Tib558%
"05b6U1chboYy
"d3¢150000%
"Chb31c555%
“CbeElcbubY
"u3eSLLLT1GE
*29LJ)ELosdl

IHAA=-ATu3N3

3033 - W3132ud 35ve

800z/1 /1
gceez/1 /1
BOJZ/T /1
L322/1 /1
Q00zZ/s1 /1
s5002/1 /1
L0021 £1
£32¢srt 21
zoo0e/y /1
16/t /1
goze/st /21
66651/1 /1
EbsT1/1 /1
Last/zt /1
Ye61/1 /11
sehi/1 /1
ebl/1 /1
teb61/1 N
Zsel/t /1
1e61/s1 /1
cosls1 /1
seul/t /1
BEL1/1 /1
rasi/sy /1
9esI/l /1
spbl/1 /1
%351/1 /1

NROQLNHS

22302/1
qooe/t
s002/1
*00Z2/1
ooz
oeers
100¢er1
cLozin
B5551/1
EL51/1
L551/1
Seo1/1
ses1/1
s551/1
€6hT/1
r{A 2 Va1
1645171
CHul1/1
e6ul1/1
Ehal/1
L1851/1
9e51/1
Subl/1
%351/1
€957/1
€Es1/1
€asdlsl

dNla? 1S

r1
/1
Fat
/1
71
/1
/1
/"
/1
/1
/1
/1
/1
/1
1
/1
1
A
/1
/1
/1
/1
i1
/1
IA
/1
/1

LO HO1vVE
93 Hlivd
SO Hl1v3
40 Ad1v3
€0 HIlVa
ZC m3iva
10 HIL®h
€O AllvE
L6 H21V4
8L w174
LS A4)iv3d
96 h21V3
$5 HIivd
Y6 HILV3'
€6 WlLVE
26 H)174d
1 H3179
06 H2174d
4% -4)IVE
g3 HILVE
L8 H)1v3
93 H2iv4
S8 HlIva
% HILIVA
278 HIuvd
8L8 Hl.iva
Vid HOiva
*aN 421V



126

91 018870
"250785L1

L
*0
"0
0
‘0
"0
"o
"0
*0
"0
)
]
*0
0
*0
IR AR
“5E69919
*25i5196
“EL82909
*66011-

01 QLSS*D
*y0leRbLY

*0

"0

*0

0

"0

]

*0 .
i)

"0 5
*0

"0

*0

"0

“0 1

w0 !

9 :
"Lle8%11
9839719
1202299
“L12950%
56311-
*0

=90

*0

.0 .
*2

*0

[:]-1.31

a8eg 83800 1o3eg ATawaj

01 OL5S°0 O QESS°0 01 OLSS™0
*SO1v@sLl  *SZ0YZ01  *Z50986LY
*0 *0 *0

0 .0 .0

‘0 Y 0

*0 *0 "0

"0 *9 *0

*0 *3 *0

*0 0 0

‘o *3 *G

‘0 3 .0

*0 "2 *0

"0 *2 *o

. : *0

"0 "3 ¢

‘0 *9 ‘0

" *0 *0

s - .0

"0 0 "0
ssreenil 0 "0
5620219 "5108%11  *0
"LSBLI9G  *9181919  *51£0411
*L128636  CLYILEYS  "9RS9919
*5601T=  "6112L08  *25£6195
‘0 6011~  *€L8290%
*0 0 *56011=
-0 *0 *0

*0 *0 "0

*0 -3 *0

6861 8861 2851

01 0lss*0
"HDIGASLY

e e .-

0

"0
“GLlEEYTT
"9859719
*120€2%%
"L129508
"55311-
"0

*0

9861

ot qiss*o
*59015181

*9
=3
"2

LE] 2

"0

*9

*J

=0

b

-2

-2

'3

"0

"2

*d

b

*9

*J

"2

*J

"0
"SLERYIT
*6GLILLY
"ESBLIOS
"L12352%
*598551
"9

$8s1

"9-D 9and1J

01 7855”0
*TETLZOZ

e

"0
"5138Y11
*91B81919
L9194
*9556297
"wElwct

%361

01 0865°D
*BTE9YISE

‘0

*0

"0

‘0

=0

*0

"0

*0

“Q

0

o

"0

0

"0

=0

‘0

*o

"0

0

"0

‘0

*Q

"0
"GLEBNTT
9869919
"E4361EL
*21e91%01

€851

{%) ¥v3A 341 40 ONINNIOZZ 3AL JL JINTVA3WIL SL30D HILva ATuviA

NOS1¥VdAdD 3022 = 437823d 3SvE

A4} (344x) ADU3IN3
"9ZTS4HE $IVLI0LIENS ATEFIA
"o L3 HlLva
o] 90 HILV3
*0 . S0 KHILIT3
"0 %0 HILV3
"2 £G Hllvd
] 20 HIlVd
"0 10 nd)iva
*2 ' 26 =2iva
*0 bh HiIvd
‘o 35 40473
*0 LS Hoywd
*0 Y6 nlivd
*J 56 AJLlVa
"0 5L HILYE
=2 €6 A)1ve
*0 €6 HIlVe
*0 16 H)led,
9 Ce HILFA
0 bh k2173
-3 s mlivad
= Ld Hiivd
"0 98 mlLva
*0 68 Adivae
"0 %E HILIVE
*6LEg%1Y 2¢8 Hlird
"SsLEawll 608 HIivE
“GLEBY1Y : ¥ie HILlVE
2861 *UN 421¥3

Ak m



127

01 QLss"D

"Sot1%es5Ll
*0

*0

=0

*0

"0
TCLERSTLTL
*s5L0L19
“LseLlos
= L1ZESIS
“L5011-
*0

"0

=0

"0

*0

D1 0ess*D

“sZoyZ o8l
0

*a

"0

*o

et}

*0
‘61284911
*v131819
"L9TEESS
"s5112L0s
*Ce01l~
*o

o

Y

°0

"0

o

*2

Y

*o

*0

Y

°98eg siso) yoijeg Araes}

*9-0 2an3Tg

01 CLSS™Y O 0L66°0 01 QLSS"0 01 09$$°0 O 0L65°0 OV 34360 Ol OLS5°D 01 0965*0
“Z5093511 *yOISR6LY *SCIYE6L1  *SZI%2081 "Z5D73SLT  “yDTSI6LT -SO0T%35L1  *Sz0%Zoel
9 *0 *0 *8 . *9 "0 "0

*0 *0 -0 -0 -0 *0 -0 *d

-0 € 0 "0 =3 0 0 "9

*0 0 =0 ) "3 *0 -0 *3

‘0 "3 0 0 "0 *0 -0 2

-0 "0 0 0 3 *8 0 -0

"0 2 -0 *0 *9 *) ‘0 "0
*cLEEYIl =3 *0 =2 -9 *0 -0 *0
9859919 *SLEEYIT *0 *g =3 -9 "0 "0
T26E5194  *9BG99I9  “SLEPNIT "0 "0 *a *0 ‘0
TELEZI0E  TITIEZSS  CSSLOLIS CHIOELTL  *D 0 *0 -0
TS6011-  "L1ZBS0S  “€SBLISE  “SIEIST®  "SIEERIT ) *0 “0

“0 . TS5211= 2128505 L91£E95  *98S9919  *SIERIT 0 *0

-0 "0 '553T1-  “6TT12L06  *Z3E5195  "333931%  “SLEBYIT  *0

*0 -0 *0 "S60TT~  CELGZIIE  *1ZIEZIS  *SELILIY  6l3pall
0 *3 "0 *0 "55011-  *£128508  *€582195  *9lzlmly
‘0 *0 -0 *9 =3 $5311=  *L12850S  *L9T€E€95
"0 ‘0 "0 *0 ) ‘0 *$3011-  "5117236
0 *g 0 "3 #3 *5 "0 “56011-
*0 *0 -0 0 -3 -3 *0 *0

0 *a 0 0 *3 *9 -0 "9

0 *0 *0 0 =2 "0 -0 0

"0 -0 0 ‘0 *9 *0 -0 *0

0 .0 0 ep v i< 0 .0

*0 -0 -0 =3 ") *3 9 =)

-0 *a 0 -0 -0 "9 *0 *0

0 *3 0 *0 3 *0 0 *0

6661 8551 L1 9661 s561 4581 £661 zosl

(%) ¥¥3A 3Irl JD ONINNIDIE 344 Of JINTIVAINIL SISO HILYE AT¥Y3IA

NJS1¥Vd41) 3023 - 43702dd 3ASVR

(3H4Y) A9¥INT

STIVLULENS ATur3A

L0 Mllivd
52 HI1vh
50 Hliva
%0 Adiva
€C 47172
27 nlisd
1C H)iva
20 HIivd
&% HYLT
35 43170
L5 HII%A
96 4)ivd
S5 MILVE
%5 Hlidd
€5 kiIvd
26 HILTVE
16 A31L¢
J5 H);v3
bb HItva
36 A4d1va
8 HI1vd
S8 Mliva
S8 Hliva
Y8 Willva
JE8 A3 1vad
€8 Hl1ivE
VEd ~Jivd

*IN WILVE



128

28eg s350) yYojeqg ATimeg

8% D*0 0T 0iss*0 O 01550
*0 "L06819 *SOLRE0ZT "H6E1v 161
"0 *HElegy "21E91%01 *5l€8411
"0 "698651 91306299 "9LBZZEL
=0 *S6011- *€L32908 1238235
-a *0 5501 1= *L128508
"0 "3 *0 "55311=
"0 . 0 *0 ‘0
‘0 *0 ‘0 =0
0 1 "0 "o
*0 ) 4] ]
-0 o "0 "0
) ] *0 *0
*0 i) *0 "0
*0 0 *0 *0
%0 ] *0 *0
"0 *3 "0 ‘0
-0 . -0 o
*0 "0 "0 "0
*0 =3 -0 *0
‘0 "0 *0 *0
*0 ) ] 0
-0 “a "0 *0
*0 “g *0 0
0 "3 ‘0 *0
*0 -0 0 0
*0 5 0 0
*0 "0 *0 *0
"0 *0 4] *3
6002 8002 L1002 qooe

01 OLS6*D
*501%85L1

5
"clEay1l
*35L0L19
"eG8L186
*L123506
"55011-
*9

*0

|

*2

*3

*d

"2

*3

‘0

=2

-3

=2

=2

*2

"0

9

"o

*2

“2

=3

]

s302

*g-0 2an3TJg

01 2864°0 O1 0i5$*D OT J186°
*$TDHZORT  *Z53985L1  *v0158sL
B w0 .

0 0 *c
*5108¥Il "0 -0
*9181219  "CE9%I1 0
“L91EE95  "53L9919 "SLEESTL
“511203§  TZSE5133  *9ESIILY
"t531l-  TelE2Z9I6 1206738
"0 *e40T1=  -112850%
=3 0 *$5311-
*0 "0 *0

*9 "0 0

"0 . *0 -0

-0 0 ‘0

9 *0 *0

-3 g iy

-2 "0 0

-5 ‘o o

lo ¥ .o .o

e 0 0

-0 -0 "9

*0 "0 *2

9 .0 .

*3 -0 "0

=0 *0 0

= "0 -3

.0 g 0

-3 .0 -0

%p02 €002 z00z

.=

(%) dWV3IA 3HL 30 ONINNIOD3E 341 01 J3INTPAINIL SUSCD AJ1vd ANdV3IA
NOSIWVIWID 3002 = #3733dd 3SV3E

1

—

13H%X) AS¥3v3

SIVLIOLUNSG ATuV3A
L3 HIlva
93 nlivw
$C Mllvd
%0 ®HIuvE
€C KWI.FH
20 KHIiva
10 421i%d
00 rJ173d
$% <21v4d
ES F2i%3
L6 HIi7d
9% 421v3d
Sb HIivE
%6 43473
E6 HIivE
26 niivd
16 H3iv g
J6 P27
&6 H3174d
GE Hlivo
48 hILVE
S8 #li7d
$3 <31%v3
‘%@ HILVE
Ji6 Adi17d
ELE HILIVH

VE3 HIIvV3
“JN HIIVE



129

4

a8eg 5180) @sB) ATieaf */-) 2an8Td

00 OT 0L55°0 O 0155°0 O QL$$"0 O £3s5*)
*LC5819 F53L883ZT  CYHEIYI6GI  "SOI4BSLYI  *520%208]
12952~ "S3EEL] *%12101 *59ZE® *DEYER
guELZ8= "YEICLEY *1317982 "BAISHEL *OHLESEZ
52565 *5156e8 *259125 *O06HEYR "1a65E%
‘0 51 1L95y rIuls2ic "51I%58Z *HhS90GHE
*1le%0% “eZ5s1EN~  *SCEEIET—- *@%eE0EI= "HZZZIL]-
“geacLel 13082521 “LEDZELET “"ZBGEJSET *"S65:05€1
6002 1002 4002 5002 4202
01 QL5S*0 D1 CL56°0 DI CLSS"0 O 08550 O 025%°0
“253935LT “yDISEB6LI ~“SOI%BSLT 52042281 ~265935L1
*COZES "£L2€2 ~592€8 " .oy *0eZe8
*DZIL%E2Z  *60L9%EZ *HHOYEZ "DHLTCEZ  "DZILHET
“libeEY “LEEHEY “D0SHEY *186SEY fLLbYEY
"14%4582 *lE¢vsaz “51I%582 4590032 “1445582
“5835C0E1= TOLLODEI~ CHYEEDEN~ "4HZEZIEl= *65060¢]e
TEYESLSET  TLLGYLSED  *ZRSELSEX  “SHEECGREY  "EVESLSER
6551 8551 1551 9563 5661
€1 Ji58°D 21 0650 OI 2865"0 01 0L55°0 01 CL55*D
*40159421 TEDIYESLI  "SZO%Z08Y  “250935L1 40158611
"ELZEW “53ZE9 "2BYER “C8Zeg "grzen
“SCHOYEZ “2F999EZ  “DwLZRE “0Z1L2ET  ~GOLI%EL
“bESYEY “00ubEy et 1344 LIS mHCHY LA
“1E29362 “611I%S8Z  “4590932 *1H4%SBZ  ~IueY5RT
“QL5E0EI= <29 8R0LT= “%IZTILT~ ~“63I5CEI= “026E0¢l~-
“LLvLSETL  “IBHELSET “CHEEO9EY “E9ESLSET  ~pQ9%l<ER
0661 &I6T BB51 LB51 9361

21 QLss~p

*260995LY
*0R7Ze8
"O¢ILYEZ
LLLG6%EY
*luhneee
632528 1-
PEFESLSET

£b3z

01 QLsst0
fHI13585LT

"ELZE3
*Ll894E
THTbbey
“1324332
*QLL3CE X~
TLLFYLSET

¥551

01 aLssto

*6901567¢21
"e21¢2
*h1BEYEZ
Alrbeey
*611%582
“DBLBSET~
*LLZGEBET

£851

01 gLss*0 01 OLSS*0 O 3185670
*#01S85L1 *40Iv85LT 52052081
scrzce ecyzee tQEYid
*SO5GRET TEISINEZ  TUMLZSEZ
*LESRER PoIEREN *IBSGEY
TlggrsEBZ *HELIRGYZ *£53030T
*ILSEJET= *FEHEBIEl- THZ2Z2)il=
PLLIYLSET  TEZIGELSET  TSSEEFEL
22902 fedz Qooz

01 TL$S°0 D] C€3s5*0 01 QL3S*D
"G01na5L] *5205208Y *Z6DINSLY -
re9zE0 reEvEE roszEs
223992  rOYLZ3EZ fCZlLwil
onLuEy *1gLsty rLLSHES
L1562 *R530982 *ibhus382
*E7EJEL T PHZZENELw . THEIHDET-
fZIHELSET  TSHEEQPE]  CESESLSET
£551 £651 156]

01 0BSS"0 D1 03556°0 0*0
*1E112002 ~H1E9Y0582 *SZISHvE
*EhIE0] PLIDRST D i
*H526162  T1565955 O
*G5GLES *EI5ToY g
*12iHIZE TEF9EG5H  “ULDYZE
LE92E9I~ *£30899T+ =0
CRISHLIHT  TwpEI6sRl fZSONZ1E
%853 EF5T . 285t

T g o g g

05) BYIA 3WL A0 ONINNIOZE 3L O@ Q3ANIFARNIL S1529 IASYD ATRS3A
NOSIBYdADD) 303D ~ ABNAdisd 2SWE

{3IHAN) ADadIN3
SIVLOLANS A7uviA

NOIS¥3IANOI3n
51553328234
OW1ddl48 T304 in3eS
NI} 1901 E5v 4

LI R PR

afillTan

TETS

(3499) ADdIN2
STTLOLENS AYe73A

N21S¥3A%ID34
ON155300d43%
ONIddIHAS 1304 Lh3cS
NJ)Li/31aevd

WRI%]) N1

AfILven

TFiA

£34%%) ADu3INg
SIVLIILENS A1mVIA

NJ1%93ANII3d
ONISS3I¥8 Y
DNIddI4S T3N3 LIN3dS
NIV oV
ANINIINe

G -Ul

B73A



88eg siso) ese) ATaeeg /=D 21n81Jg

6022

($) ®v3A IHL JO ONINNID3S 3HL 01 O03V1IVAINIL SL1SID 35VD ATHVIA
NOSIuvdWDd 303D =~ 4318284 35vd

[3H9) ADEINI
SIVICLIENS ATYTIA

NITSBIANDIO 3
ON[S$5320¢434
ON14d34S 13N3 LN545
NI1lvdluavd
AMLINDANYY

ANlkvan

L LTS



131

€36%°E
EBB%*E
6Luy"t
EE-LAH
Sy L
Ttae'E
03058°¢
YEC58"€E
€l1C5°¢
dLIs" ¢
L515°¢
0E25°E
€IS E
YHE5°C
£245°€
1066°¢
(A VI 4
1265°€
Znis-¢ ]
2Z%ite
SEL9°E
YBLL T
GLbeL"E
95C6°E
b7e0"Y
5cH Yy
I%61°5

IAMN/STITIN
$iS02 "IA10

€951 ‘1

sensnrsssnans SIS0D FALLYIIAND sesnesnn

98eg B8180) OT0AD Tong eaFije[nun) pue ATIedy °g-D 2andT4

E2622%5E5678Y
£256225€%55"8 Y
€25225255"8%
YZSIELILES"RY
BIEIRFILT AN
SIZHe591L" LY
LO0GYGRICET LY
gvlah0hentay
C19621LIL" 5"y
GHHUEGHLE" oY
SEGRE22UH " hYy
WZLLDYREGTEY
1G2av9L19"2Y
CCRYLEDLIE 1Y
BeSYETOCT Oy
SLOHTEZTLS"6E
128128213 LE
LOG2ECHLIZTGE
Q1LE Y5592 €€
CEEHIGYIDTTE
erlbLYIiLy B
Z9E%51919°6¢
SLI2LTEOG"22
GColY%45L495°61
HZL936H20075T
22951295701
LEDTLGELS ™S
0*0

JHYN &X01
ADuaN3

1581527141
14687162121
215612111
0L5Z9L" 571
EblEce~ g9l
6L0L599°99]
cco%02°591
f£LEZRET LT
c3fL52* 191
g9eerngal
€250CE° 951
Ene0leTesl
Clsudd est
fL1c1279971
glegeet gl
LA LS RS A |
Cz9404%2¢1
119¢zL"921
1C322°021
cLeesstell
EELLEB*%0T
16228L°65
Cub106 " 6R
2001007 L
2EGELEITIYD
E2981% 9%
ca8y06°82
1v69688°¢

$ 9x01
1502 13nd

*N¥l 01 O03NTVA3IWIL

§998"¢
JLevt i
5l
¢LeevE
glze*c
9Lee"E
gl2é°t
gLee g
BI2Z°'E
FLIZI"L
§122°€
eLzézte’
pl2z ¢
FLzete
siZi'e
Zrezete
Bl2¢%¢c
JLeete
§liz*t
2LZete
8LZZ"E
9LZZ°E
LA AR
bG35 E
1Z5%"y

FAMA/STITIA
S15020 *A3Y

o0

00
ZEYYR2ILS "%
B5910LYL3"S
L3CZELTLS"S
2h5355%35°%
16412228158
LRETEC2LSS
LEE€EE715"G
256355%3G°%§
1662288158
lBgceeeLsTs
lBEZEEILSG"S
£56365%15°%
1Lt 22eLs s
lefécerLsts
L8L2t2¢LG6"5
25%3i53%356°S
16LLELLLSE S
1BEetZZL3"s
LUCELLersTs
256856%36°§
1962222LS" S
LEEZCZZLS"S
10E2E22L5"G
256365%346" %
LEJDTZISLS*S

0°o

IHRN 6X01T
ADu3INI

o0
Lo%9t9°2
5018@3%22
HEETHL®ET
GCIvES* LY
sEZ0%20%LY
260769711
LI TR R
£01%65"LY
520%20"4l
53685721
KG1565" LT
SC1nEE LT
g2o%2uT3l
2ul3ustel
HCT4as" LT
S01%85° LT
§2CHweatul
L0985 LY
hC1525°L1
so1west Ll
§2a%20"61
240505°L1T
EOTSEL" LT
692161761
1€1L20%0¢2
61£94%2°62
9ZI5%%° L

% 9%01
$4500 13and

Y134 30 OVINNIOD3E 01 QINIVA3AILL

sevsnpsrsetnese SIS0D ATEVIA sesesssinssenssns

$1503 372A0 1304 FATLVINAND ONV ATEVIA

NOSIuVdW]) 3030 = A378Jud 35V3

k032
gcoe
1032
s002
£C22
¥en2
gLoe
e0de
1632
202z
5651
EEERS
Las1
9551
Sus1
ve51
€651
Zesl
164l
851
b5l
dubl
LeSl
9651
6u51
#b51
cesl
€831

uviaA



98Bgd S350) ST24) Tong SATIe[NWN) PUB yYd3eg °6-) 2In81jg

E36%°L £252Z5E65 BY eTe€szZ" 111 £606°9 eyLIEL3s3*l £ES160" 2T 10 H)1vE
BI4Y"E 06LES2TER"BY L8136%"0LT RILI" % 13%10E315°¢ DIJLLI* %Y 90 4)1v3
1Les*E 1398712L5"8Y 91ZLLE"6RT 113¢€°¢ 332152000°% 2139505791 S0 4Jivd
L3s8% e . 1652215518y 6859510°€91 RI3E°E 0558TE555%% 0%56Cs"091 %0 HILva
Soe% "L 19L€ALLAT LY E1£06%"991 2idc"¢ 0558 1E558"Y 09550891 €0 HILIvd
QZ5% e 99y %L Z0RB1 LY 158180991 FTIc°E 055BTESLS Y 0%5526°*7! 206G HMIlva
1.8 Bl Y g1205%20C9 %9y £5%399°291 112c°¢E B2z162330*s 019536°91 10 AJiv3d
LLGYTE $3245%165°SY% 90%52L*a951 ?12e°¢c 05581E355° 0%5505%91 €0 421ivd
630G6°E 2 10€5L 292275 15%%2E*EGT 9I2:°E 05531555 Cy5c06*91 55 H3iV3
SHC3"E $9205L5d% 9% 2625€9°6651 Flle*te D5681L5355%% o%5306"31 By 42153
306"t €2IL95L5% LY %Z3€2737261 R T12e~¢ 3321523258°s 0132525691 L6 HlILvd
EE1S°E QEELZLALY LY T1v%062°*5%1 F1IE*E 05581E555% Y 09550691 . 95 =431va
L5518 "¢ §416101€E" 1% BIETL% 64T IFdecE’ 0558 Teb556%h 05506791 55 Hlivd
93¢STE ) H$51ELLS5%D 0y £CLIEC TNHT 313e*e 055B1E555%Y €755606° 31 25 AJLVE
0516 °E 5 L16422C19"BE ZLI136% "9 El T13e°¢€ B32152302°s5 C13525*%91 €5 #7173
26496°E BLOZYHYTOTLE CoLBUT"TEY 910¢°¢ = 0468105455 Y 29%5536°91 2 26 nlLvd
9L86°E ERZLGIECZ"GE 18F04wZ°521 FICEE Q66ETE86R"Y 0%5626°91 16 HJ1VE
2t lS8"E 26967926581 €E c123L5"811 210¢ "¢ OLOBILLESL™Y Cc%5506°91 26 Hlt7a
1£€667€ COGGE2S2H "0 CESITITITT : 112e°¢ 332152202°% C19525°91 Sy 4Jivd
Taly g Y1929 HE"EZ 115541201 910e~¢ 06LE1{566%Y 046506791 £ HILIVE
£%69°E £92566L165762 BELOGE T QICE*E OLEETELLEL"Y 04%55058°%31 L8 HIL73H
YyCL°E = LE6I391EE L gZ%01l6"28 ER v CcseelEs6n™ 0%55635°91 Gy HILIVd
SJELTE L6T5L292E"81 SGLSFT"1L 11Ce*¢ BEZ15C0C0"S G1%506%31 S8 HILIVA
teCL E GIEEDSHER "I £9311C°BS 912e*E 0sh8lisbe*y 2%3526"91 wE +421vd
2L1°*y GE95265LE°01L [o- R Wil % ] FI0E"E 0568lESS5"Y 09552591 DEB HILVAE
53i5°% G»95253LE"S 05259132 BZL1*Y . wI6SLLLLISTE LIASLLY"YL kB HIIVd
€5056°¥ 2wLoglase*l £E5160°21 £E309°% ZylieL3s3”l ges1¢0"21 YEB HIIV3
FEELEVARR L] J4uW x0T 3 Gx01 IHYM/STIIN - 34NN 5XD1 $ 9x01
1533 *IA:N ADBINI S4S07 13nd $1500 "A3Y ADu3INT - S1522 13nd ¥IBANY 434VE
€861 *1  “hVl 01 33NIWVAIWIL d714vYLS H2LVA OL I3NTwA3NiL
sossnvsessnen S1S0D7 SALLVINAND ssssscoxssssss seensrxnnsinsss SLS00 HILVE smssssnsnnnssnss

$1502 37942 I3n3 JAILYINGND ONY  HILVE

NOS1YVJWID 3002 = W3TBDYd 35VI



133

85y ¢ BLZS%"0
€512°2 CEJ0 0~
LH%sT0 2160° 0=
€150*0 £9iG*0~
2eLs"0 75L070
GL92°0- 0s%C*0
6CcZs"e 164%%°0
5016°0

Ividl AUJINIANT

sasnensssesS1500 QILVIDTNIVesssnnnss

@28eg uorjenyeay ase) °QI-) °andtg

FHMAUSSTIIN €BESL"CE = $1S3) 037113A)
IHMA "EZHTTSEGSEY = ADWINI VI0L
S4YI1703 "6l1ees5Z1LT = 51532 ViDL
»0%0"¢€ £35h°C €210°C g502°¢
92202 €L12°0 91000~ €512°0
65£72°0 2006°0 ey 0= LA T ]
GETL®D 4£150°2 €522°2= ZLs2°d
8L5%*0 ZeLs"0 0°0 SIH3*0
951E" 0=~ PR T Bl 81220 sL3g*2~
g5Ld°2 019s6°2 00%0°0 s»9Lte
5013°2
35N3dx3 Wil N3N3 1524 LERE]

992

.
-

-

NOOODO
.
DuUovouU o

996

N¥ndIud

serssidennnxbds 2tz s SUADTIHS VI st ot ninssrbnssssnn

(34RA/SVTIN) 800Z/T /0T DL Z86T/1 /1 00Iwdd 3HL ¥3IAD 032173A37 $1S02 35vd viod

€861/1 /1 D1 C3INTAVA3ALL S31WINT VW
NJISIuvdW2) 3032 = W318lud 35vE

SIvidiens

NIISE3IANIDAY
DONISS3DJd4c 3
ONIddl4S TN Iv3es
NIIL%DlEEvd
ANINILNYA

ROINYEY

NJlLvIdvdal 1S2d

ANINIEADD L5230



134
APPINDIX D: COMPUTER CODLE GACOST
General

GACOST is a very flexible computer code for calculating fuel costs developed
by Gulf General Atomic Company. It calculates total fuel cycle costs and
running costs on the basis of given mass flows, in-core residence times, capacity
factors, reactor power, ore costs, and fuel handling costs. Accompanying the
code in a manual which contains both a degcription of the code and a basic

course in the theory of fuel cycle cost calculations,
Theoretical Procedure

GACOST uses as a theoretical basis the discounted energy cost method as
opposed to the discounted cash flow method. To illustrate the difference
between these two method, consider first the discounted cash flow equation
for the levelized cost of fuel,

n

¥ X(i) PWF(i)
P = i:]' (D-1)
] E(1) PWF(i)
=1

This equation states that the levelized cost of energy is the ratio of the
present worth of all cash flows to the present worth of all energy production
over the levelizing period. In this formula the index i represents an accounting
period and X(i) represents the net cash flow in that accounting period.

Now consider each accounting period separately. Each cost component has
a definite value at the beginning of the period and another smaller value at
the end of the period. The net change in this value must be offset by the
sale of energy during the period. The unit energy price necessary to do this

can be calculated by the following procedure. First, present worth the value
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of the component at the beginning of the accounting period to the midpoint

of the accounting period. Next, present worth the value of the component at
the end of the accounting period back to the midpoint of the accounting period.
The total cost to be accounted for is then the difference between these two
values. Similarly, if the energy production is assumed uniform over the
entire accounting period, it is equivalent to a single total energy production
at the midpoint of the interval. Then, for any accounting period n, the cost
of a particular cost component is

* . o s
P PWF(IiC, Rn/2) P

i * PWF(IiC,Qn/Z)
E(s,n)

£

CRIS(s,n) = (D-2)

where Iic is the interest rate, Rn is the length of the accounting period, and
the index s indicates the batch.
To calculate total costs it is necessary only to take the energy weighted

sums. For instance, the total cost in a particular accounting period is

5
¥ FC(s,n) * E(s,n)
FCR(n) = 321 ¥ (D-3)
Z E(s,n)
s=1
where FC(s,n) is the total cost of all components, or
J
FC(s,n) = ] CRIS,(s,n) (D-4)
121 h]
J
If you now define
S
E(n) = ] E(s,n) (p-5)
s=1 ’

the levelized cost of fuel over several time periods is simply
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L
L FCR(n) * E(n) * PWF(L,T )

FCC(O-L intervals) = i1

7 (D-6)

) E() * PWF (I,T )
n=1

A summary of the steps used in the discounted energy method is shown in
Tables D-1 and D-2. According to the manual provided with the code, this
method provides the following advantages over the discounted cash flow method.

1, Capability to use different working capital rates during pre-

irradiation, in-core, and post-irradiation time intervals.

2. Fuel cycle costs for individual batches are calculated.

3. Fuel cycle costs per reload interval are calculated.

4. It is more convenient to model varicus amortization and fuel

contract options.

The amortization of costs referred to in 4, above, pertains to the deter-
mination of the cost component value at the beginning and end of each accounting
period, The code input allows the user to designate the value of the cost
compohent at insertion and removal. The code then uses these values to deter-
mine appropriate accounting period values by one of two methods.

1. Constant Running Cost Per Segment. There are two costs associated with
a cost component, the direct costs and indirect cost. In GACOST, the direct
costs are reduced to a per unit energy basis for each accounting period. Selection
of this method of amortization is equivalent to selecting a straight line method
of depreciation.

2. Constant Total Cost Per Segment. In this method the sum of the running
costs and indirect costs are kept constant.

Amortization method 1 provides a smaller total cost since the invested
principle is retired at a faster rate. However, it can lead to a higher

levelized cost since a greater amount of payment is made early in the batch
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Table D-1. Primary Calculational Steps in the Discounted
Energy Cost Method

Calculate unit energy cost for each cost component for each
batch in each accounting period.

Sum cost components to obtain unit energy cost for each
batch in each accounting period.

Calculate total accounting period cest by taking an energy
weighted sum of accounting period batch costs.

Calculate levelized cost by taking an energy weighted
present worth sum of total accounting period costs.




Table D-2.

Formulas Used for Calculation of
Fuel Cycle Costs, Discounted Energy
Cost Method

CRIS(s,n)

It

FC(s,n) =

E(n)

FCR(n)

FCC(0-L intervals)

1l

* -0 -
P, * PUF(L, ,-2/2) - P * PWF(L, ,% /2)

£

i
E(s,n)

J
} CRIS, (s,n)
=1

S
} E(s,n)
s=1

Il t~1tn

FC(s,n) E(s,n)

s=1

E(n)

L
} FCR(n) E(n) PWF(I,T )
n=1 B

i
¥ E(n) PWF(I,T )
n=1 %

138
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history and therefore receives more emphasis in present worth calculations.

It should be noted that these amortization methods are for all cost components
except fuel depletion. In fuel depletion it is necessary to account for the
value of the fuel at discharge. To calculate this discharge value, GACOST
allows time dependent input of cost data and the application of amortization
methods 1 and 2.

The initial value of each cost component (including fuel) is increased by
the capital charges on payments made prior to insertion in the core. These
charges are defined as the difference between the actual value of the invest-
ment at startup and the value of the prepayments present-worthed to startup,

or

s
PRW = EXPNX 4 } X, * PWF(I

J
o»~TPAY.) - } X (D-7)
jzl J i-1 J

PT

Similarly, the value of the fuel at discharge must be decreased by the capital
charges to be paid while it undergoes reprocessing, or

POSTWC = VTOT {1.0 - PWF(Ipost,TCOOL) * PWF(I',TBYB)} (D-8)

Other cost components which have payments or receipts in the post-irradiation

period are treated in the same manner.
Code Capabilities

GACOST was developed by the only major vendor of thorium fuel cycle
reactors. This fact and the necessity to handle uranium fuel cycles have
probably combined to produce the single most outstanding feature of the code.
It has the capability of handling any imaginable fuel cycle, from a simple
uranium thermal reactor to a recycle, uranium-thorium breeder. This capability

236

includes comprehensive adjustments for recycle fuel poisons such as U and

32 ; s P
U2 . The code combines this capability with several methods of inputing mass
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flow data and an internal auditing system whilch insures the correspondence of
energy production and mass flow data. Although the system is large enough to
be cumbersome, it provides excellent flexibility for fuel cycle design studics.

The other major feature of GACOST is the treatment of inputed cost data.
In addition to accepting costs on a periodic basis, GACOST will also escalate
all costs based on inputed material and labor costs rates of escalation.
Additionally, the code will adjust downward the fuel element fabrication costs
according to an analytical learning curve specified by the user.

The limitations of GACOST are primarily in the area of capital charges.
Although the discounted energy cost method allows different interest rates
in different portions of the cycle for each batch of fuel, the interest rates
is an overall figure which does not allow for the investigation of the effect
of, for example, changing capital structure on the fuel cycle cost. The out-
put of GACOST is also limited by the calculational method with few exceptions
calculated values are output in mills/kwhe, which may be an inconvenient
number for comparison of, for example, shipping costs for two batches or
several years. With this exception, however, the output of GACOST is well
organiz;d and subject to extensive user editing.

The major options offered by GACOST are shown in Table D-4.
Code Results

The output for the sample problem in Appendix A is in the following
figures:
Figure D-1. Table 2. Plant Characteristics,
Figure D-2. Table 4. Progress Paymeﬁts,

Figure D-3. Table 5. Time Characteristics,
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Table D-3. Symhols Used in GACOST

CRI1S(s;1n)

E(n)
E(s,n)
EXPNX
Fe(s,n)

FEc(o=L)
FCR(n)

1§

Iic
:
~ Pre
Leat
n
'Pf
POSTWC (s)

BUT(T,Y) -

TBYB
TCOOL(s) -

TPAY,
]

VIOT -

fx

& j -

I

]

Component fuel cycle cost per reload interval n per segment s,
m/kwh

Total energy produced by the core during reload interval n, kwh(e)
Energy produced by segment s during reload interval n, kwhe
Total expense of product ot service

Fuel ¢ycle cost for segment s during reload interval (or accounting
perioed) n, m/kwh,

Average fuel cycle cost for the core levelized over the first L
reload intervals.

Average fuel cycle cost for the core levelized over the first Y
years

Interest rate applicable during post-irradiation period; equals
WCRC(I Ost) in normal fuel eycle or equal WCRG(IV) for "buyback"
eycle

In-core working capital rate

Pre-irradiation working capital interest rate

Post=irradiation working capital rate used in the non "buyback"
eycle

Duration of reload interval n, years

Principal value at the beginning of a reload interval

Principal value at the end of a reload interval

Tuel post-irradiation working capital expense of segment s

Present worth factor; cquals the present worth of $1 received y
years hence with an annual interest rate I, = (1 + 1)~Y where
I is a fraction

Time interval from end of cooling period to time of sale

Cooling time; the average time for spent fuel cooling prior to
shipping segment s, years

(T(J)) Time interval between payment j and time segment commences
‘power operation, years

Final fuel value at time when segment is reprocessed

Fraction of total expense corresponding to payment j
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Table D-4. Major User Options, GACOST

Economic Data

Different interest rates for preburn, burn,
postburn and present worth calculations

Input Cost data on yearly or batch basis
Escalation of all cost data

Fabrication learning curve
Two methods of cost amortization

Losses and fuel poison penalties input in tabular
form

Preburn indirect cost calculations optional
Two methods for calculating Fabrication costs

Mass Flow Data

Accepts any number of fuel types in each fuel
batch

Four methods for fuel depletion
Three methods for inputing energy production

Capacity factors input by reload interval or
year

Input/Output

Selection of 31 separate output tables




Figure
Figure
Figure

Figure

Figure

Figure
Figure
Figure
Figure

Figure

D-8.

D-9.

D-10.

D-11.

D-12,

D-13.

Table
Table
Table

Table

Table

Table
Table
Table

Table

10.

17.

20.

22.

23.

27.

19.
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Reload Characteristics,

Fuel Handling Cost Parameters,

Source and Disposition of Fuel,

Fuel Values at Insertion and Discharge

for Each Segment

Values and Costs Per Reload-Interval and
Segment,

Expenditures, Values and Costs Per Segment,
Reload Interval Fuel Cycle Costs vs. Time,
Levelized Fuel Cycle Costs vs. Time,

Yearly Cash Flow,

Burnup Per Reload Interval.
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ABSTRACT

Nuclear fuel is characterized by extended and costly initial
preparation, long period of energy production and high residual value.
Complex computer codes are normally used to estimate the levelized nuclear
fuel cycle costs over the reactor lifetime. A method was developed to
calculate levelized costs which are easily done by hand or adapted to a
desk calculator. The results of this method are compared with results from
existing computer codes. The limitations of the method are illustrated by
calculation of periodic levelized costs.

Three existing computer codes are compared using a sample problem. Use
of these codes allows comparison of discrete discounting, continuous dis-
counting, the discounted worth of money technique, the discounted energy

method, and two different methods of input/output control.



