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The continuing evolution of fuel having ever higher burnup capability and the 

increased emphasis on high plant capacity factor to keep nuclear power cost-competitive, 

motivates re-examination of some basic fuel management strategies. Specifically, what are 

the economic optimum goals for the fraction o'f core to be refueled, l/n, and the length of 

the intra-refueling cycle, Tc? The foilowing simple analysis is sufficiently realistic to 

provide useful guidance. 

First an empirical observation: it is a fairly good approximation to describe the 

discounted cost of fuel at the start of irradiation as a linear function of its burnup capability 

C = a -+ b B 1 ,  $/kg 

in which a and b are curve-fit constants, and where B I  is the batch 

reactivity, MWd/MT,  related to the: discharge (Bd) and cycle (Bc) burnups 

where: 
Bc = 365.2.5 PLTc = 365.25 PL' (Tc - ATr) 9 (3) 

in which (representative numerical values for a large PWR shown in parentheses): 
P = specific power, kW/kg (38.6) 
L' = capacity factor during operation (0.95) 
ATr = length of refueling shutdown, yr (0.082 yr = 30 d) 
Tc = cycle Iength,yr. 
L = overall capacity factor, cycle-averaged (from Eq. 3) 

* This project has been funded by the INEL University Research Consortium. The INEL is managed by 
Lockheed Martin Idaho Technologies Company for the U.S. Department of Energy, Idaho Operations office, 
under Contract No. DE-AC07-94D 13;!23. 
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Thus, for a core inventory of :M metric tons (-88), the cost of fuel, at a linearized 

annual carrying charge rate (I (e.g., 0.1 yt-l), discounted relative to the mid-point of n 

cycles of irradiation, is: 

F = [a + 365.25b(" ')it'L'(Tc - AT,)] (1 + y)( l m M )  ,$/yr  (4) n Tc 

To this must be added the replacement energy cost when the reactor is down or 

derated: 
8766 (2 K [( 1 - L') Tc + L'ATJ 

7 $/Yr Tc 
E =  

where 
K = replacement energy cost, millskWhe (25) 
q = plant thermodynamic efficiency (0.32) 
Q = plant thermal rating =: M.P (3400 MW). 

In the preceding expression, and those that follow, the absence of discounting is due 

to the assumption that the subje:ct cash flows are either exactly or approximately 

symmetrically distributed about the; mid-point of the reference fuel batch's irradiation, and 

thus plus and minus contributions canceI to first order. 

Another cost is that of refueling shutdowns; the annualized cost (S) is: 

R S = -, $/yr 
TC 

in which R = dollars per refueling ($20 million). 

DOE waste disposal fees, at f rnills/kWhe (currently 1 .O), amount to: 

- ATr W = 8766 q Q f L' ), $/yr 
Tc 

(7) 

Finally, discharged fuel is assessed the cost of dry storage facilities, at d $/kg (-80) 

under the assumption that spent fue.1 pools will x -n be filled to capacity: 

Total annual expenditures are then given by A $/yr as the sum of F, E, S, W and D. 
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In any practical fuel management scheme, one will drive the fuel to near its burnup 

limit, in which case, n = I ,  2, 3, 4 batch management will result in cycle lengths, in 

calendar time, in the proportion Tcl - 2Tc2 - 3T,3 - 4TC4. Substitution of these values into 

the preceding cost prescriptions allows calculation of the difference in annual costs, A,,, 

between different values for n. 

First dekine arbitrary parameters characterizing the refueling/shutdown cost penalty, cl, 

and fuel cost savings, a, terms in the expression for LAn: 

[8766 Q(K - f) L' ATr + R] a=--- 
2Tc2 

o = 365,250 b Q L' (1 + 4 Tc2) . 

Note the absence of dependence on a and d in these expressions, since both cancel in the 
differencing. 

The requisite algebraic manipulation yields for hA, of interest: 

A2 - A1 = CI - ($(l + $1, $/yr (9) 

We now need only a value for b to obtain numerical estimates. -Approximating Eq. 1 

by a line through the origin tangent to C(l3 1) (hence, with a = 0) allows normalization to a 

reference case: 

b = 0.024 q e(&) m + l  

.- 

in which e is the fuel cost in mills/kWhe (excluding carrying charges during irradiation and 

all back-end costs for the m-batch economics reference case). For e = 6 millskWhe and 

m = 3, b = 0.07 $/MT/MWd. Then for Tc2 = 2 years and the values for other parameters 

cited earlier: 
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A2 - A I  = 9.45 - 25.76 = - 16.3 , iM$/yr 
A3 - A2 = 9.45 - 9.27 = + 0.2, M$/yr 
A4 - A3 = 9.45 - 5.14 = +4.3 , MWyr 

Hence, 2- and 3-batch rnanagemcnt are roughly comparable economically, 1 -batch 

management is clearly uneconomic, and 4-staggered-batch loading is at a moderate 

disadvantage (at least for the selected data input). 

Furthekore, one can set dNdTc equal to zero and solve for the optimum cycle length; 

one finds: 

in which: 
M(a + d, + JL + 8.766 Q(K - f )  L'ATr P =  n lo00 

y = 365.25 b Q(n + 1) L'Q, 
h 

Equation 13 yields the following optima, again for input Lata as cited earlier: Tcl = 
n h n 

36.5 mo, Td  = 29.3 mo, Tc3 = 24.9 mo, and Tc4 = 22.1 mo. 

These values are plausible, but the most credible and useful value of Eq. 13 is in 

showing relative trends when parameters are varied. 

Some inferences of interest include: 

The square root dependence in Eq. 13 makes optimum cycle length fairly insensitive to 

moderate changes in the independent parameters (e.g., &lo% under T gives %% in 
n 

T,; 
As the cost of replacement energy, K, or refueling cost, R, increases, it pays to defer 

refueling (TC increases); and 

is proportional to 1/4, thus, if Q, + 0, cycle length would increase without limit 

(except that the ignored B i 2  term in Eq. 1 would eventually intemene to once again 

impose an optimum); with deregulation Q, may rise, hence inhibiting the trend to ultra- 

Iong cycle length. 

The results of the simple model presented above are in good agreement with a more 

sophisticated numerical 
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In conclusion, unless quite substantial improvements in technology are forthcoming, 

or economic circumstances change significantly, departure from 2- to 4-batch management, 

or longer than 2- to 3-year cycles in LWRs is not supported by the above analysis. 
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