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ECONOMIC ANALYSIS 

Introduction 

Decisions concerning the development or deployment of nuclear reactor op

tions may be based in part on economics. This report presents several methods 

for estimating the power costs of nuclear reactors. When based on a consis

tent set of economic assumptions, total power costs may be useful in comparing 

reactor alternatives. 

The principal items contributing to the total power costs of a nuclear 

power plant are: 

capital costs 

fuel cycle costs 

operation and maintenance costs 

inccme taxes and fixed charges. 

There is a large variation in capital costs and fuel expenses among dif

ferent reactor types. For example, the standard once-through UVR has relatively 

low capital costs; however, the fuel costs may be very high if Û Oj, is expen

sive. In contrast, the FBR has relatively high capital costs but low fuel 

expenses. Thus, the distribution of expenses varies significantly between these 

two reactors. In order to compare power costs, expenses and revenues associated 

with each reactor may be spread over the lifetime of the plant. A single annual 

cost, often called a "levelized" cost, may be obtained by the methods described 

in subsequent sections. Levelized power costs may then be used as a basis for 

economic coirparisons. 

This paper will first discuss each of the power cost components. An exact 

expression for total levelized power costs will then be derived. Finally, 

approximate techniques of estimating power costs will be presented. 
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Basic Concept of the Time Variability of Money 

Time-dependent value of money is an important concept in an economy study. 

The time value of money will first be developed in terms of interest paid on 

borrowed money. For example, consider an amount, C, that is borrowed for a 

year. At the end of the year, the same amount must be repaid and in addition, 

the interest on that amount must be paid out. If i represents the interest 

rate, the amount that must be paid back at the end of the year is: 

(payback) = C + iC = C(l+i) 

PRINCIPAL 

r-

BORROW ] 

•I 

I ' l l INTEREST 

iC{ M ~) 
(PAY BACK 

[ Cll+i) 

1 YEAR 

BORROWING CAPITAL FOR ONE YEAR 

Alternatively, an interest rate can be used to describe the value today 

of an expense that is anticipated in the future. For example, consider an 

expense, C, that must be paid at the end of a year. At the beginning of that 

year, an amount C may be set aside (or invested) such that the future expense 

may be met. At the end of the year, the amount available for payout is: 

(payout) = c' + ic' = c'(l+i) 

But this must be equal to C, so: 
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C ' ( l + i ) = C 

and 

C' = - ^ 
^ 1 + 1 

""ir 
PRINCIPAL INTEREST 

.r^ ''m 
INVEST OR( 

LEND ) 

•1 
1 

PAY OUT 

C 

•»—t-
1 YEAR 

INVESTING CAPITAL FOR ONE YEAR 

These two examples may now be extended to develop the concept of the present-

worth of an expense or revenue occurring at any point in time. With the 

present-worth technique, one can find an amount of money in Year 0 that is 

equivalent to an expense or revenue in some other year. The present-worth con

cept will be used to handle costs that occur throughout the life of a nuclear 

plant in a systematic fashion. 

The first case involves finding the present-value of a cost that occurs in 

the past. For example, assume the amount C was paid out two years ago. This 

expense may equivalently be expressed as: 

C in Year -2 

C + iC = C(l+i) in Year -1 

C(l+i) + iC(l+i) = C(l+i)^ in Year 0 

2 
and C(l+i) is the present-worth of a cost C that occurs in Year -2. 



PRESENT-VALUE OF AN EXPENSE IN THE PAST 

This may be extended to an expense C which occurred n years in the past. The 

present-value of such an expense is C(l+i) ..n 

Conversely, an expense that is anticipated several years in the future 

may also be present-valued to Year 0. For example, let C' represent the 

present-worth of an expense C that occurs in Year 2. The following expenses 

are equivalent: 

C' in Year 0 

C' + iC' = C'(l+i) in Year 1 

C'(l+i) + iC'(l+i) = C'(l+i)^ in Year 2 

- ic{ 

c-

llillll 
iC'd+ilf 

] 
>cr(i+i) 

III nil ^ 

>C'(l+i)2 

YEAR 

PRESENT-VALUE OF AN EXPENSE IN THE FUTURE 
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-.2 But c'(1+i) must equal C, the amount due in Year 2. 

So C (1+i) = C, 

(1+i)' 

and this is the present-value of a cost C that occurs in Year 2. 

This may be extended to an expense C which will occur n years in the 

C future. The present-worth of such a future expense is 
(1+i) n 

The present-worth concept may be applied to all the fuel costs associated 

with one batch of nuclear fuel. An LIVR on the once-through cycle is used in 

this example. Before the batch is loaded into the reactor, costs associated 

with U,Or, purchase, conversion and enrichment, and fabrication of fuel assem

blies must be paid. After the fuel is discharged from the reactor, there are 

EXPENSES 

REVENUES 

1 

H 
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1 

-1 t 

1 
1 

1 

2 t 

1 
2 

1 1 

' m \ 1 
1 SH ST 1 

1 1 
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YEAR 

P: PURCHASE U3O8 
C: CONVERSION 
E: ENRICHMENT 
F: FABRICATION 

E2 
REVENUES FROM 
ENERGY PRODUCTION 

COSTS ASSOCIATED WITH A SINGLE BATCH OF FUEL 
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expenses associated with spent fuel shipping and storage. Revenues from the 

sale of electricity produced by the batch occur throughout the years the batch 

is in the reactor. However, for simplification, it will be assumed that 

revenues occur at the end of each year of reactor operation. 

All the expenses and revenues may be present-valued to Year 0, the year 

in which the fuel is loaded into the reactor. The present-valued expenses may 

be expressed as: 

P(l+i) + C(l+i) + E(l+i) + F(l+i) + — ^ . + — ^ 
(l+i)4 (l+i)4 

The sum of the present-valued revenues is: 

1+i (l+i)2 (1+i)^ 

Uniform Annual Costs 

The costs associated with nuclear power plants occur in a nonuniform 

fashion. The capital expenses occur at the beginning of plant operation, while 

fuel cycle and operating costs occur throughout the plant lifetime. There are 

several techniques to reduce these nonuniform expenses to equivalent uniform 

costs. The uniform or "levelized" costs may be used to compare the economics 

of different reactor types. 

As an example of levelizing expenses, consider an amount of money, C, 

that is borrowed in Year 0. A constant annual cost, L, will be determined 

such that the debt and its accumulated interest are repaid by the end of the 

pay-off period. 



LEVELIZING A CAPITAL INVESTMENT 

Although a constant amount, L, is paid out each year, it is worth different 

amounts when present-valued to Year 0. The present worth of the sum of the 

levelized expenses in the preceding example is: 

L ^ _iL_ + _ k _ + L 
(1+i) (1+i) 2 (1+i) 3 (;i+i3"4 

This sum may be set equal to the initial investment, C, to obtain an expression 

for L: 

C = L ( i + -L-. + _J_ + 1 
1+i (1+i)^ (l+i)3 (l+i)4 

L = 

k?i ^l^i)'' 

This may be generalized for a pay-off time of any number of years, K: 

L = K 

k?i fl^i)^ 
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With some mathematical manipulation, it can be shown that this is equivalent to: 

Ld+i)'^- i j 

This is referred to as an amortization fonraila. 

This levelizing procedure may be applied to the initial capital invest

ment of a nuclear power plant. The initial capital costs and interest during 

construction may be levelized over the full 30 years of plant operation. 

C 

... . . l i l B ] ^ Mi 
-10 / 0 1 2 3 4 29 30 

/ t "^^^ 
CUMULATIVE PLANT 
CONSTRUCTION STARTUP 
COSTS 

LEVELIZING A CAPITAL INVESTMENT (INCLUDING INTEREST 
DURING CONSTRUCTION) OVER THE PLANT LIFETIME 

Capital Payback Methods 

In the previous section, a technique for levelizing capital expenses and 

associated interest payments was discussed. This section will present several 

methods of distributing the levelized cost between principal and interest 

payments. 

Capital investments for nuclear plants are usually financed by a mixture of 

both equity funds (stocks) and borrowed funds (bonds). A typical debt fraction 

is 551, with a 45% equity fraction. Typical uninflated interest rates for debt 

and equity are 2.51 and 7.0%, respectively. 
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There are several common ways to pay off a capital investment that is a 

mixture of both debt and equity. In the fixed payment method, it is assumed 

that the schedule of bond repayment is known in advance. The schedule may be 

in any of the following forms: 

- uniform annual reduction of bond principal 

- uniform annual payment, including both principal 

and interest 

- any other specified schedule of principal reduction 

PAYMENT TO 
PRINCIPAL 

PAYMENT TO 
INTEREST 

1 2 3 4 
YEAR 

LEVELIZED CAPITAL PAYBACK - FIXED PAYMENT METHOD 

Note that the payment to debt principal remains constant as a function of time 

while the payment to equity principal increases in this example. 

A small utility with only a few large power plants may choose to follow a 

predetermined schedule for bond repayment. However, a large utility with a 

number of projects may elect to maintain a constant debt-to-equity ratio through

out the life of the plant. This is known as the proportional method of capital 

payback. 

1 

EQUITY 

DEBT 
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PAYMENT TO 
PRINCIPAL 

PAYMLNT TO 
INTEREST 

MS. 

EQUITY 

DEBT 

1 2 3 4 
YEAR 

LEVELIZED CAPITAL PAYBACK - PROPORTIONAL METHOD 

Note that the payments to both bond and equity principal increase. 

When the ratio of the outstanding debt to outstanding equity is held con

stant, an effective rate of return of the combination of debt and equity may • 

be defined. For the typical values given earlier. 

(^^of^return^^^) " (0.025 x 0.55) + (0.07 x 0.45) 

= 0.045 or 4.5% 

This may also be referred to as a discount rate. 

Income Taxes 

Taxes on net income are an annual operating expense, similar to fuel costs 

and operating expenses. However, taxes are more complex than these other ex

penses due to tax deductions. The major tax deductions are: 

- nonfuel operating costs, such as labor, maintenance, state and 

local taxes, and insurance premiums 

- interest paid on bonds 

- depreciation allowance on both capital and fuel 
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Income taxes may now be represented as: 

/ income \ ^ (tax \ 
\ taxes / V r a t e / ^ I ' 

(revenues) (nonfuel 
operating 
costs 

' bond 
interest 
I, payment 

(depreciation) •] 
The depreciation allowance on capital may be calculated by several methods. 

The straight-line method assumes deductions due to depreciation are constant 

throughout the lifetime of the plant. Let C represent the initial capital in

vestment, T the project life, and D the depreciation allowance in year n. Then 

for straight-line depreciation: 

D 
n 

C 

T 

An alternative is the sum-of-years digits method. With this method, the largest 

deductions are taken early in the plant life and the depreciation deduction 

decreases with time. This is represented by: 

D = C (T+l-n) 
n -p 

t= i 

TAX 
DEDUCTIONS 
DUE TO 
DEPRECIATION 

ii SUM OF DIGITS 

STRAIGHT LINE 

1 2 3 4 
YEAR 

CAPITAL DEPRECIATION METHODS 
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The sum-of-years digit method is usually preferred since it produces the lowest 

taxes in the early years of the project. Note that revenues and operating costs 

are relatively constant. The tax trends illustrated below include deductions 

due to bond interest and sum-of-years digits depreciation. 

1 2 3 4 
YEAR 

GENERAL TAX TRENDS WITH SUM-OF-YEARS DIGITS DEPRECIATION 

Total Levelized Power Costs 

Several of the major components of total power costs have been discussed 

in previous sections. In addition to capital expenses and income taxes are 

annual operating expenses. These include items such as fuel costs, operation 

and maintenance expenses, and fixed charges. 

EXPENSES 

REVENUES 

CAPITAL 
PAYBACK 

n OPERATING 
^ EXPENSES 
D TAXES 

REVENUE FROM 
ENERGY PRODUCTION 

YEAR 

MAJOR COMPONENTS OF TOTAL POWER COSTS 
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In any year k, the expenses may be expressed as: 

(payment to\ , r- j \ / ^ ^ ?' \ /fuel \ 

Exp, = Cap, + Fix, + O^M, + Fuel, + Inc, 

where Fuel, represents the fuel expenditure in the year k at the capacity factor 

of the reactor in that year. 

Revenues in each year are determined by a constant, or "levelized," power 

cost multiplied by the energy produced in that year. 

/revenues in\ /levelized power\ . j j • ...u j. -, 
( any year ) = ( cost ) ^ ^^'^^^'^ produced in that year) 

Rev, = L X E, 

Each of the revenues and expenses may be present-valued to the year of re

actor startup. For instance, the present-worth of Fuel, is — • 
^ (l+i)k 

The levelized power cost, L, will be chosen such that the sum of all the 

present-valued revenues equals the sum of all the present-valued expenses. This 

may be expressed as: 

K K 
V k = y* ^^k where K is the lifetime 
k=l (l+i)l̂  k=l (l+i)k of the plant 

Using the expressions for Rev, and Exp, from above, 

L V ^k - y Cap^ - Fix̂ ^ + Ô M̂ ^ + Fuel̂ ^ + Inc^ (Equation 1) 

k=l (1+i)^ k=l (l+i)'^ 
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The income tax term, Inc, , is composed of several components, as previously 

described: 

(JaxeD = (rSe) ^ [f--™-' " (°"i|?«) " (intSest) " Wepreciatic)] 

Inc, = t x L x E , - Opĵ  - ^ i % ' ^Pi, 

Also, 

(
r T \ / operation \ 

nonfuel \ . ̂ .^^^ \ / "̂ and \ 
°^^ost'''V ^ Vchargesj M maintenance ) 

\ costs / OPĵ  = Fixĵ  + 0§Mĵ  

And, 

(depreciation) = (̂  ^^P^^^J. ) + (̂  f^^\. ) 
^ ^ •' V depreciation / \ depreciation / 

Depĵ  = CDep^ + FDep^ 

So the term Inc, can be expressed as: 

Incĵ  = t X (LxE, - Fix^ - 0§R - Bin, - CDep, - FDep,) 

This new expression for income taxes may be substituted into Equation 1: 

^ E 

F 
k=l (1+i)^ 

^ Cap, + Fix, + Ô Mĵ  + Fuel^ + t x (L x Eĵ -FiXj,-OaMĵ -Bin,-CDep̂ -FDep̂ ) 

^ r 
k=l (1+i)^ 
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This equation may now be rearranged and solved for the levelized power cost, L; 

K 

E 
k=l 

Capĵ  + Fix^ + 0§Mĵ  + Fuel, - t x (Fix̂ ^ + Ô M, + Bin̂ ^ + CDep, + FDep, ) 

(l̂ i? 
L = 

(1-t) ^ \ 

k=l (1+i) 

The equation may be further developed as follows: 

L = 

i, Cap^ + Fix^ + Om^ + Fuel^ + ̂  (Cap^ + Fuel̂ ^ - CBin̂ ^ - FBin̂ ^ - CDepĵ  - FDep̂ )̂ 

2̂  ^ 
k=l (1+i)^ 

K 

k=l (1+i) 

The terms may then be separated into several major components of levelized total 

power cost: 

Levelized capital expenses 
(including associated income 
taxes and fixed charges) 

Levelized operation and main
tenance expenses 

y ^^Pk •*" I ^ '̂ ^^Pk • ^^^\ • - CDep^) + Fixj^ 

k=l ( l+i )^ 

K 

E 
k=i 

K 
E 

^ E y \ 
^ k 

k=l (1+i)^ 

(1+i)^ 

_— 

k=l (1+i) 
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Levelized fuel cycle expenses 
(including associated fuel 
cycle taxes) 

^ Fuel^ + ^ (Fuelĵ  - FBinĵ  - FDep^) 

k=l (1+i) 

K 

E 
k=l (1+i) 

k 

The computer code, HPC, is based on the preceding definition of levelized 

power costs. This method of calculating power costs is accurate, but involves 

extensive computation. An alternative method has been developed which involves 

far less computation, while producing similar results. This will be discussed 

in the following section. 

Approximate Method for Calculating Levelized Power Costs 

The exact expression for levelized power costs was separated into three 

major power cost components: capital expenses, operation and maintenance 

expenses, and fuel costs. Each of these components can be handled by the 

approximate methods developed in this section. There are several advantages in 

using these approximate techniques. First, power cost estimates may be pro

duced in a timely fashion and without access to a computer. In addition, through 

the use of these methods, one can quickly identify the major factors contributing 

to power cost and determine the sensitivity of total power cost to the indi

vidual con^onents. 

Capital Expenses 

For the purposes of this calculational technique, the capital expenses 

will include income taxes and fixed charges in addition to the return on and the 

return of the initial investment. 
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g RETURN ON INVESTMENT 

I RETURN OF INVLSTMENT 

] FIXED CHARGES 

INCOME TAXES 

YEAR 

COMPONENTS OF CAPITAL EXPENSES IN THE APPROXIMATE METHOD 

In the exact method of calculating the capital cost component, the charges 

associated with each year were present-valued to the beginning of the first 

year and then levelized over the lifetime of the reactor. 

/CAPITAL COSTSX 
FIXED CHARGES ) 

\& INCOME TAXEy 

YEAR 

ALL CAPITAL EXPENSES PRESENT-VALUED TO PLANT STARTUP 

Co 
/CAPITAL COSTSX 
FIXED INCOME ) 

\& INCOME TAXES/ 

YEAR 

PRESENT-VALUED EXPENSES LEVELIZED OVER PLANT LIFETIME 
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An alternative procedure for detennining the levelized power cost is the 

fixed-charge-rate method. The fixed charge rate is defined as the ratio of the 

annual fixed charges to the original investment. This may be expressed as: 

(fixed charge rate) x (initial capital ^ /levelized capitaU 
* V investment / \ expenses / 

FCR LCap 

/ 
CAPITAL 
COST ONLY 

0 1 2 3 
YEAR 

LEVELIZING CAPITAL EXPENSES WITH THE FIXED CHARGE RATE METHOD 

The annual levelized capital costs may be expressed in terms of mills/kivh 

as: 

( i n i t i a l \ /f ixed \ 

cap i ta l 1 [$] X (charge) x [1000 mil ls /S; 
investment/ \ r a t e / 

I cap i ta l ; Liiiiiii'/Kwnj = _ _ _ _ _ _ _ 
\pvT.^nc;^c= / / t o t a l 

V expenses 
( p r S d i S d in) [kvve-yr] x [8760 hrs /yr ] 
\ one year 

p l t ^ c a p l t a l ) ^ ^ , ^ ^ , ^ ( ins ta l l ed) ,^^j ^ (^^^ ^ j^„„„ ^ ^ ^ ^ ^ ^ j , 
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or . 

( " ^ ' ^ o s f " ^ ^ ) f̂ /̂ ^̂  ^ (^"' ' iate^' '^^) ^ [1°°° niills/$] 

( T a c t o r O - [«^^0^-] 

LCap (mills/kwh) = UCap ($/kwe) x FCR x 1000 (mills/$) 
CF X 8760 hrs 

Operation and maintenance costs 

Operation and maintenance expenses are given as constant annual costs. 

Thus, the only adjustment that must be made is to convert these costs from 

$/kwe-yr to mills/kwh. The operating costs are divided into fixed and variable 

components. The plant capacity factor must be used to determine the variable 

operating costs. 

The levelized operation and maintenance costs may be expressed as: 

( levelized 
operation and . ^^^^^^;^^^ 
maintenance / •- ^ 

costs 

( T ^ T Z T ) W^'-y^} X tl year] x ( g g j ^ f ) [k»el x [1000 .ills/$l 

(total energy\ 
produced in J [kwe-yr] x [8760 hrs/yr] 
one year / 

(0§M expenses) [$/kwe-yr] x [1 year] ̂  (̂ "̂ ^̂ -̂J;̂ )̂ [kwe] x [1000 mills/$] 

C t ^ ^ ) - (Spaciif) [̂ =! - !1 rear) x [8760 hrs/yr, 

(Ô M expenses) [$/kwe-yr] x [1000 mills/$] 

("fector"^)^ [8760 hrs/yr] 
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[ C g g s e f ) [S/k»e-yrl -(^^Oaj^^^j [V^e-yr] x (7,^^^f )J x [1000 . lUs / t ] 
expenses 

or . 

LÔM (mills/kwh) = JFO^M ($/kwe-yr) + [VO§M($/kwe-yr) x CF] 1 x 1000 (mills/$) 

CF X 8760 (hrs/yr) 

Levelized fuel cycle expenses 

In the exact expression for the levelized fuel cycle costs, there was a term 

involving fuel cycle taxes. This term is difficult to handle in a simplified 

format. Thus, for the purposes of approximating fuel cycle costs, it was assumed 

that fuel cycle items were expensed. The tax term then drops out and the 

levelized fuel cycle component is reduced to: 

Levelized fuel 
cycle expenses 

K 

. k=l 

K 

E 
k=l 

Fuelĵ  

(1+i)'' 

k̂ 

(1+i)^ 

Fuel cycle costs will be determined for a single batch of fuel whose costs 

are representative of the actual levelized costs. The costs associated with this 

typical or average batch are determined by first calculating the cost of an 

equilibrium batch of fuel. However, the fuel costs for the first core are much 

higher than equilibrium costs. The equilibrium costs must therefore be incre

mented to account for the additional levelized costs associated with the first 

core. A similar adjustment must also be made to account for excess costs 

associated with the last core. 
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A typical batch may now be represented as: 

EXPENSES 

REVENUES 

E2 

P C E F 
iJ 
SH ST 

r O 1 2 3 ^ 4 
(LOAD FUEL) (DISCHARGE FUEL) 

YEAR 
P: PURCHASE U3O8 
C: CONVERSION 
E: ENRICHMENT 
F: FABRICATION E3 

~N 

REVENUES FROM 
ENERGY PRODUCTION 

y 

COSTS ASSOCIATED WITH A SINGLE BATCH OF FUEL - EQUILIBRIUM COSTS ADJUSTED 
TO ACCOUNT FOR FIRST AND LAST CORES 

The shaded areas added to each fuel cycle component represent adjustments made 

for additional costs associated with the first and last batches. These adjust

ments will be discussed in detail in subsequent sections. 

Equilibrium batch - The expenses associated with an equilibrium batch 

will first be determined. The expression for levelized fuel costs is: 

K 

E 
k=l_ 
K 

E 
k=l 

Fuel, 

(1+i) 

(1+i)J 
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Recall that Fuel, is evaluated at the capacity factor of the reactor in the 

year k and that E, is the energy production of the reactor in year k. For an 

equilibrium batch, both Fuel, and E, are directly proportional to the annual 

capacity factor. Consequently, the capacity factor may be eliminated from 

both terms in this expression for an equilibrium batch. The annual fuel ex

penses may be evaluated using reactor data at 1001 capacity factor if the 

energy production is also evaluated at a capacity factor of 100%. 

The cost associated with each fuel cycle component is determined by the 

product of the unit cost and the reactor material charge or discharge. For 

example, 

Cost of ^ $ kg heavy metal fabricated 
fabrication kg heavy metal ^ kwe produced-yr 

The second term represents the kilograms of heavy metal fabricated for one year 

of power production at a capacity factor of 100%. The expenses associated with 

an equilibrium batch are all present-valued to the time at which the fuel is 

loaded into the reactor. If b represents the number of batches in a reactor, 

the fuel expenses for a batch may be expressed as: 

present- \ 
valued \ SH ST 

for S «/i»̂ ->"̂ ' = %fi*i^ * %»*i^ * W^^' W*'^ * TT-rra- * — ^ 
equili- / l J I ^J 
brium / 
batch 

The energy production may also be present-valued to the time at which the batch 

is loaded: 
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total 
present-
valued 
energy 
produced 
by a 
batch 

(kwe) 
b(l+i) b(l+i)2 b(l+i) 

:TT " 
b(l+i)^ 

Since the fuel expenditures are evaluated at a capacity factor of 100%, the 

energy produced is also evaluated at a 100% capacity factor and E, = E^ = E, 

= F = F 
^b ^100" 

total 
present-
valued 
energy 
produced 
by a 
batch 

(kwe) = 1̂00 

1+i (1+i)' (1+i)' 

The levelized fuel expenses for an equilibrium cycle are now the present-valued 

costs divided by the present-valued revenues: 

levelized 
fuel ex
penses for 
an equili
brium batch 

present- \ / total \ 
/ energy \ 

[mills/kwh] 

valued \ / energy \ 

•orL^^ui>/^-^l A'lfr' h^^^ - [1000rills/$l for _-j 

^librium batch' 

total 
present-
valued 
energy 
produced 
by a 
batch 

\ batch / 

[kwe] X [8760 hrs /yr] 

or 

LFuel [mills/kwh] = 

Fuel [$/kwe-yr] x E^^^ [kwe] x [1000 mills/$] 

1̂00 i _ . -JL 
(1+i) (1+i)' 

— i — j - ) [kwe] X [8760 hrs/yr] 
(1+i)^ / 
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Fuel [$/kwe-yr] x [1000 mills/$] 
^3 -

4 ( — + -^-^ + ... + - ^ ) x [8760 hrs/yr] 
^ \l+i (l+i)̂  (l+i)7 

Initial core - The levelized fuel expenses associated with the initial core 

may also be calculated. The present-valued costs of the first core that are 

in excess of the present-valued costs of the equilibrium cycle must be determined. 

For example, the excess cost of purchasing U^0„ is: 

{fi„-[%^ (1??t"/)]l^(i*« w^«' 

Note that all these additional costs occur at the beginning of plant operation. 

The costs may be levelized over the 30 years of plant operation with the 

amortization formula developed in a previous section: 

/addi?Sial\ r,. . /total excess\ fj x (l^i)^P1 

The annual additional expense is then expressed in terms of mills/kwh as: 

/ annual \ 
/ additional \ /total energy\ 

^ J . I expenses I [$/kwe-yr] xl produced by ) [kwe] x [1000 mills/ 
levelized \ \ due to / \ a batch / $] 
additional \ \first core/ 
expense due [mills/kwh] = - — /total present-\ 
^°core / VllctoJ) ^ ( valued energy \ [kwe] x [8760 hrs/yr] 

' yproduced by 
^ a batch 

Fuel. [$/kwe] x ^^ [kwe] x [1000 mills/$] 
LFuel. = — ^^ 

in CF X % 0 0 / J _ + 1 + . . . + 1 \ [kwe] x [8760 hrs /yr ] 

" ^ " V l + i ( l+i)2 ( 1 + i ) ^ / 
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Fuel. [$/kwe-yr] x [1000 mills/$] 

^ X p - . -1 . ... . 
^ Vi+i (1+i)^ (1 

^ — ^ ] X [8760 hrs/yr] 

Final core - The excess costs due to the final core discharge are cal

culated in the same manner as excess costs for the initial core. Since these 

additional costs occur at the end of the plant lifetime, they must first be 

present-valued to the year of reactor startup. 

( annual \ 
additional \ /total excessX -. r~- ^,^.->30 

expenses due I [$/kwe-yr] = (costs due to I x ^ x ^xn — 
to the last / \ last core / (1+i) L (1+i) -1 

core / 
The levelized additional expense due to the last core is now: 

Fuel^. ^[$/kwe-yr] x [1000 mills/kwh] 

LP^^^final 

^ \l+i (1+i)^ (1 
^ ^ )x [8760 hrs/yr] 
+i) / 

The total levelized fuel cycle cost may now be obtained by summing the compo

nents due to the first, equilibrium, and last cores: 

LFuel^ ̂  = LFuel. + LFuel + LFuel,^. , tot m eq final 

Now the total levelized power cost is: 

LCap + LO^M + Fuel 

Sample Calculation of Total Power Costs of a Standard LWR Using the 
Approximate Method 

As an illustrative example, the steps in calculating the levelized power 

costs of a standard LWR on the once-through cycle are shown. 
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Reactor charge and discharge data (given at 1001 capacity 

factor for a 

Item 

U^Og charge 

Separative 
work charge 

Heavy metal 
charge 

HeaA/y metal 
discharge 

plant size of 1000 MWe) 

Units 

short tons/GWe-

10^ SWU/GWe-yr 

kg/GWe-yr 

kg/Gwe-yr 

•yr 

Initial 
Core 

376 

200 

69073 

34564 

Equilibrium 
Batch 

255 

153 

36458 

34564 

Final 
Batch 

255 

153 

36458 

68482 

The average annual capacity is 65.91 and the standard LWR has "a three-batch core. 

Economic data 

Discount rate 

Fixed charge rate 

Capital cost (including owner's 
cost and IDC) 

Operation and maintenance costs 

Fixed component 

Variable component 

U^Og conversion cost 

Separative work 

Fabrication 

Spent fuel shipping 

Spent fuel storage 

Levelized capital expense 

770 ($/kwe) X 0.098 x 1000 (mills/$) 

4.5Vyr 

9.81/yr 

770 $/kwe 

11.2 $/kwe-yr 

0.5 $/kwe-yr 

4 $/kg U 

100 $/SWU 

115 $/kg HM 

20 $/kg HM 

130 $/kg HM 

LCap(mills/kwh) = 
0.659 x 8760 hrs 

= 13.07 (mills/kwh) 
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Levelized operation and maintenance expenses 

L08M(mills/kwh1 = [11.2($/kwe-yr) + 0.5($/kwe-yr) x 0.659] x 1000(mills/$) 
^ ^ 0.659 X 8760 (hrs/yr) 

= 2.00 (mills/kwh) 

Levelized fuel cycle expenses (assume that the price of U^Oj, is 

40 $/lb for this example) 

The levelized fuel cycle expenses associated with an equilibrium batch will 

first be calculated. This will be followed by expenses associated with the first 

and last cores. The present-valued costs of the various fuel cycle items are: 

UJJr. purchase: 

P X 1.045 = [255(tons/GWe-yr) x 40($/lb) x 2000(lb/ton)] x 1.045 
eq 

= 21.32 X 10^($/GWe-yr) = 21.32($/kwe-yr) 

U^0„ conversion to UF,: 

C^ X 1.045 = [255(tons U^Og/GWe-yr) x 4($/kg U) x 769(kg U/tons U^Og)] x 1.045 

Enrichment: 

= 0.82 X 10^($/GWe-yr) = 0.82($/kwe-yr) 

E X 1.045 = [153000(SWU/GWe-yr) x 100($/SWU)] x 1.045 
eq 

= 15.99 x 10^($/GWe-yr) = 15.99($/kwe-yr) 

Fabrication: 

F X 1.045 = [36458(kg HM/GWe-yr) x 115($/kg HM)] x 1.045 
eq 

= 4.38 X 10^($/GWe-yr) = 4.38($/kwe-yr) 
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Spent fuel shipping: 

SH X 4 = [34564(kg HM/GWe-yr) x 20($/kg HM) x 
^^ (1.045)^ (1.045) 

= 0.58 X 10^($/GWe-yr) = 0.58($/kwe-yr) 

Spent fuel storage: 

,4 

ST X 4 = [34564(kg HM/GWe-yr) x 130($/kg HM)] x 
^^ (1.045)^ (1.045)^ 

= 3.77 X 10^($/GWe-yr) = 3.77($/kwe-yr) 

Now the sum of the present-valued fuel costs for an equilibrium batch is: 

1.045 X / P _ + C^^ + E + F^^\+ fSH + ST ]= 46.86($/kwe-yr) I eq eq eq eq I \ eq eq / ^ ^ •' 

(1.045)^ 

The present-valued energy produced by a batch may also be calculated. For a 

three-batch core, the present-valued energy produced by a single equilibrium 

batch at 100% capacity factor is: 

1 ^ X / - ^ . - ^ — ^ . - ^ — T \ - 0.92 GWe 
3 \ 1.045 (1.045)^ (1.045)-^/ 

The levelized fuel expenses for an equilibrium batch are now simply the present-

valued expenses divided by the present-valued revenues, or: 

LFuel = 46.86($/kwe-yr) x l(GWe) x 1000(mills/$) 

®^ 0.92(GWe) X 8760 (hrs/yr) 

= 5.81 (mills/kwh) 

Now the levelized fuel expenses associated with the initial core will be cal

culated. Only those present-valued costs associated with the initial core 
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that are in excess of the present-valued costs of an equilibrium batch will be 

considered. Note that the capacity factor of the reactor is 65.91. Thus, the 

fuel cycle costs for the equilibrium cycle should be evalioated with reactor 

data at 65.9% of full capacity. As before, the present-valued costs of the 

various fuel cycle items are: 

U,0 purchase: 

P. X 1.045 = {[376 - (255 x 0.659)] x 40 x 2000 J x 1.045 

= 17.39($/kwe) 

U,0„ conversion to UF,: 

C^^ X 1.045 = j [376 - (255 x 0.659)] x 4 x 769 j x 1.045 

= 0.67($/kwe) 

Separative work: 

E. X 1.045 = j [200,000 - (153,000 x 0.659)] x 100 ) x 1.045 

= 10.36($/kwe) 

Fabrication: 

F. X 1.045 = j [69073 - (36458 x 0.659)] x 115 j x 1.045 

= 5.41($/kwe) 

The sum of the excess fuel cycle costs due to the initial core is: 

1.045 X (P. + C. + E. + F. ) = 33.83($/kwe) 
^ in in in in'̂  ^ -̂  
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Amortize the excess costs over the 30 years of plant operation: 

/ annual 
I additione 
I cost due 
\ first core 

/ additional ] ^ 33 gj ^ ' " "'̂  - '^ ^^^^^ 
\ cost due to [0.045 X (1.045)^" ~[ 

(1.045)-^°-l J 

2.08($/kwe-yr) 

The annual expense due to the first core may now be expressed in terms of 

mills/kwh: 

2.08($/kwe-yr) x l(GWe) x 1000(mills/$) 
"̂  in 0.659 X 0.92(GWe) x 8760(hrs/yr) 

= 0.39(mills/kvA) 

In a similar fashion, the levelized fuel expenses associated with the final core 

discharge may be determined. The present-valued costs associated with the final 

core discharge that are in excess of the present-valued costs of an equilibrium 

batch are: 

Spent fuel shipping: 

SH^. T X ^ J = I [68482 - (34564 x 0.659)] x 20 j x ^ . 
tinai (1.045)^ (1.045)^ 

= 0.77($/kwe) 

Spent fuel storage: 

ST^. , X ^ -jr = j [68482 - (34564 x 0.659)] x 130 1 x ^ 
tinai (1.045)^ (1.045)^ 

= 4.98($/kwe) 
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The sum of the excess fuel cycle costs due to the final core discharge is: 

- ^ - (sHfinal ^ ST,^al)= 5.75($/kwe) 
(1.045) 

These additional costs occur at the end of the plant lifetime. They must first 

be present-valued to the beginning of plant operation and then amortized over the 

30 years of plant operation: 

annual 
additional \ , r"r> r,/ir ^T r,;lr^30 
cost due to I = 5.75 X ^ x 
last core / (1.045)^ 
discharge 

0.09($/kwe-yr) 

To.045 X (1.045) " 1 

|_ (1.045)^°-1 J 

The annual expense due to the last core discharge is now: 

LFuel = 0-09($/̂ <̂ e-ŷ ) ^ l(GWe) x 1000(mills/!) 
final 0.659 x 0.92(GWe) x 8760(hrs/yr) 

= 0.02(mills/kwe) 

The annual costs due to the first and last cores may now be added to the equili

brium fuel costs to obtain the total levelized fuel cycle expenses: 

LFuel. + LFuel + LFuelr- , = 6.22 (mills/kwh) 
in eq final ^ ^ 

The total power cost for the LWR may be obtained by summing capital expenses, 

operation and maintenance expenses, and fuel cycle costs: 

LCap + LO^M + LFuel = 21.29(mills/kwh) 
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Sample Calculation of Total Power Costs of an FBR Using the Approximate Method 

Reactor charge and discharge data (given at 100% capacity factor 

for a plant size of 1000 MWe) 

Item 

Heavy metal 
charge 
(kg/GWe-yr) 

Heavy metal 
discharge 
(kg/GWe-yr) 

Zone 

Core 

Axial 
blanket 

Radial 
blanket 

Core 

Axial 
blanket 

Radial 
blanket 

Number of 
Batches 

3 

3 

6 

Initial 
Core 

30392 

15357 

27648 

17560 

8871 

6387 

Equilibrium 
Batch 

17845 

9017 

6525 

17560 

8871 

6387 

Final 
Batch 

17845 

9017 

6525 

30392 

15357 

27648 

The average annual capacity factor is 65.9%. 

Economic data 

Discount rate 

Fixed charge rate 

Capital cost (including owner's 
cost and IDC) at 1.5 times 
that of the LWR 

Operation and maintenance costs 

Fixed component 

Variable component 

Fabrication 

Core 

Axial blanket 

4. 

9. 

5%/yr 

8%/yr 

1155 $/kwe 

11 

0. 

.7 $/kwe-yr 

9 $/kwe-yr 

1750 $/kg HM 

35 $/kg HM 
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Radial blanket 

Total back-end fuel cycle cost 
(all zones) 

250 $/kg HM 

570 $/kg HM 

Levelized capital expense 

LCap(mills/kwh) 
1155($/kwe) X 0.098 x (1000 mills/$) 

0.659 X 8760 hrs 

19.61(mills/kwh) 

Levelized operation and maintenance expenses 

LO^M(mills/kwh) = 
[11.7($/kwe-yr) + 0.9($/kwe-yr) x 0.659] x 1000(mills/$) 

0.659 X 8760 (hrs/yr) 

= 2.13(mills/kwh) 

Levelized fuel cycle expenses 

The levelized fuel cycle expenses associated with an equilibrium batch will 

be calculated. The present-valued costs of each fuel cycle item are: 

Fabrication: 

F X 1.045 = [17845 (kg HM/GWe-yr) x 1750 ($/kg HM)] x 1.045 
eq 

+ [9017 (kg HM/GWe-yr) x 35 ($/kg HM)] x 1.045 

[6525 (kg HM/GWe-yr) x 250 ($/kg HM)] x 1.045 

= 34.67 X 10^ ($/GWe-yr) = 34.67 ($/kwe-yr) 

(core) 

(axial 
blanket) 

(radial 
blanket) 

Total back-end costs for core and axial blanket: 

B (core+AB) x 
®̂  (1.045)4 

= [17560 (kg HM/GWe-yr) x 570 ($/kg HM)]x j (core) 
(1.045)^ 
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+ [8871 (kg HM/GWe-yr) x 570 ($/kg HM)] x 1 K uZtllt^ 
(1.045)^ blanket) 

= 12.63 X 10^ ($/GWe-yr) = 12.63 ($/kwe-yr) 

Total back-end costs for the r ad ia l blanket: 

B (RB) X 7 = [6387 (kg HM/GWe-yr) x 570 ($/kg HM)] x ~ --

^^ (1.045)^ (1.045) 

= 2.68 X 10^ ($/GWe-yr) =2.68 ($/kwe-yr) 

Now the sum of the present-valued fuel costs for an equilibrium batch is: 

F X 1.045yfB (core+AB) x ^ J W B (RB) x ^ ^= 49.98 ($/kwe-yr) 

^^ / \ ®^ (1.045)V \ ̂  (1.045)7 

The present-valued energy produced by a batch at 100% capacity factor is: 

l G W e ^ / _ J L _ , 1 . -~^^—.\= 0.92 GWe 
1.045 (1.045)^ (1.045) 

The levelized fuel expenses for an equilibrium batch are now: 

LFuel = 49.98 ($/kwe-yr) x 1 (GWe) x 1000 (mills/$) 

^ eq 0.92 (GWe) x 8760 (hrs/yr) 

= 6.20 (mills/kwh) 

The levelized fuel expenses associated with the initial core will now be deter

mined. The present-valued costs of the initial core that are in excess of the 

present-valued costs of an equilibrium batch are: 

Fabrication: 

F. X 1.045 = j [30392 - (17845 x 0.659)] x 1750 ) x 1.045 (core) 

+ { [15357 - (9017 X 0.659)] x 35 ) x 1.045 (axial 
blanket) 
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+ ( [27648 - (6525 x 0.659)] x 250j x 1.045 (radial 
blanket) 

40.52 ($/kwe) 

The excess costs may be amortized over the 30 years of plant operation: 

annual 
iditiona 
3st due 

first core 

30 additional ] ^ ^^^^^ ^ ' ^ 
cost due to [0.045 X (1.045)^°"] 

(1.045)^"-1 J 

= 2.49 ($/kwe-yr) 

The annual expense due to the first core is now: 

ĵ P̂ ĝ  ^ 2.49 ($/kwe-yr) x 1 (GWe) x 1000 (mills/$) 
^ 0.659 X 0.92 (GWe) x 8760 (hrs/yr) 

= 0.47 (mills/kwh) 

Finally, the levelized fuel expenses associated with the final core discharge 

may be calculated. The present-valued costs of the final core that are in ex

cess of the present-valued costs of an equilibrium batch are: 

Total back-end costs for the core and axial blanket: 

Bf - ̂ , (core+AB) x j = { [30392 - (17560 x 0.659)] x 570 } x yr (core) 
^^^^ (1.045)^ (1.045)^ 

+ [ [15357 - (8871 x 0.659)] x 570 ) x ^ j (axial 
(1.045)^ blanket) 

= 13.65 ($/kwe) 

Total back-end costs for the radial blanket: 

B.. ,̂ (RB) X J = I [27648 - (6387 x 0.659)] x 570 } x --

final (1.045)^ ^ (1.045)^ 

= 9.82 ($/kwe) 
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The sum of the excess fuel cycle costs due to the final core discharge 

is 23.36 ($/kwe). 

These costs are first present-valued to the plant startup and then amor

tized over the 30 years of plant operation: 

( annual \ 

additional \ l rO-045 x (1.045)^°1 

cost due to j = 23.36 x ^ x I ^j\— — 
final core / (1.045)"^^ L (1.045)-̂ -̂l J 
, discharge / 

= 0.38 ($/kwe-yr) 
The annual levelized expense due to the last core discharge is now: 

ĵP g^ ^ 0.38 ($/kwe-yr) x 1 (GWe) x 1000 (mills/$) 

final 0.659 x 0.92 (GWe) x 8760 (hrs/yr) 

= 0.07 (mills/kwh) 

The total levelized fuel cycle expenses are: 

LFuel. + LFuel + LFuel^. , = 6.74 (mills/kwh) 
in eq final ^ ^ 

The total power cost for the FBR at a capital cost of 1.5 times that of the 

LWR is: 

LCap + LO^M + LFuel = 28.48 (mills/kwh) 




