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1. Introduction 

The fuel cycle of a nuclear power plant can be 
divided into three main stages: 
• The front-end, which extends from the mining of 

Uranium ore until the delivery of fabricated fuel 
elements to the reactor site; 

• Fuel use in the reactor, where fission energy is 
employed to produce electricity, and temporary 
storage at the reactor site; 

• The back-end, which starts with the shipping of 
spent fuel to away-from-reactor storage or to a 
reprocessing plant and ends with the final dis-
posal of reprocessing VHLW or the encapsu-
lated spent fuel itself. 

It is common to classify nuclear fuel cycle options 
into two main categories. The fuel cycle option, 
which is generally known as direct disposal, in-
volves disposing of spent fuel following appropriate 
treatment after a period of, usually, long-term sto-
rage. The second option, in which the spent fuel 
from the reactor is reprocessed, to separate Pluto-
nium and remaining Uranium from the wastes pro-
duced in the fission process, is identified as the 
reprocessing option. Beside this general classifica-
tion, there are several sub-options for each fuel 
cycle scenarios, depending on such as burnup, in-
terim-storage period, reprocessing type, recycling 
of fissile material obtained from spent fuel, etc. 

In widely applied reprocessing technologies 
(i.e., PUREX), after pre-treatment of fuel assem-
blies, a solution of Uranium, Plutonium, other acti-
nides and fission products is obtained, and this so-
lution is chemically treated in a series of solvent 
extraction stages, which are designed to produce 
solutions of Plutonium nitrate and uranyl nitrate of 
high chemical purity. Waste products (other acti-
nides, fission products and unwanted impurities) 
are stored as a highly radioactive solution in water-
cooled double-walled high integrity stainless steel 
tanks before further conditioning. The separate so-
lutions of uranyl nitrate and Plutonium nitrate are 
further processed. The Uranium can be converted 
to UO2 for storage or for the production of new 
fuel, by blending with fissile material or conversion 
to UF6 for return to the enrichment plant. The Plu-
tonium nitrate is converted to PuO2 for storage or 
for incorporation into thermal or fast reactor mixed-
oxide fuels. 

Some other reprocessing methods are also pro-
posed, especially to assist non-proliferation of 

nuclear arms. One of these is COPROCESSING, 
which is based on the same principles mentioned 
above, but Uranium and Plutonium products are 
not separated from each other. After co-deconta-
mination, a mixed stream of Uranium and Pluto-
nium is processed to an appropriate form to feed to 
the reactor. 

Dry reprocessing technologies are also under 
development to decrease proliferation risk. One of 
them is AIROX method, which is a dry process 
involving oxidation of irradiated fuel by O2 [1]. UO2 
fuel pins have small holes implaced via a punc-
turing machine. The oxidation transforms UO2 to 
U3O8 with a volume increase on the order of 30%, 
allowing the removal of the volatile and semi-
volatile fission products. The cladding ruptures and 
fuel cracks. The U3O8 is reduced to UO2 by H2. 
After several cycles, the spent fuel is pulverized. 
Remaining fuel is mixed with UO2 or PuO2, then re-
sintered and re-fabricated. 

Two other important fuel cycle parameters are 
discharge burnup and cooling period of spent fuel 
before disposal or reprocessing. High discharge 
burnup will result in low fuel cycle cost but spent 
fuel contains more radioactivity and decay heat. 
Long cooling period (interim storage) of spent fuel 
will reduce radioactivity and decay heat levels of 
high-level waste to be disposed. 

Some of these fuel cycle scenarios may have 
low cost; on the other hand, they may contribute to 
the risk of nuclear proliferation, and/or may have 
worse environmental effects. So it is necessary to 
determine the optimum one among alternative fuel 
cycle scenarios. The optimal fuel cycle scenario is 
the one, which satisfies objectives that are subject 
to priorities and constraints. Constraints and 
objectives with various priorities are determined on 
the basis of tangible and intangible factors. Goal 
programming with combination of the analytical 
hierarchy process (AHP) is one of the most widely 
used linear optimization method to solve such 
optimization problems [2]; and this methodology is 
applied to choose the optimal nuclear fuel cycle 
option in this study. 

 
 

2. Methodology 

UOX fuel cycle scenarios to be evaluated are 
classified according to the discharge burnup, spent 
fuel-cooling period, and reprocessing options. 
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Tangible factors (natural Uranium requirement, 
total fuel cycle cost, decay heat and radiological 
inhalation and ingestion hazards of the high-level 
waste) and intangible factors (non-proliferation and 
technological feasibility) are evaluated for selected 
nuclear fuel cycle scenarios. Fuel depletion and 
cost calculation tools are used to evaluate tangible 
factors of each scenario. The AHP method is used 
to transform intangible factors into the tangible 
factors, which is necessary before the application 
of goal programming. Methodologies for deter-
mining tangible and intangible factors, and optimi-
zation are given below. 

 
2.1. Methodology for Tangible and Intangible 

Factors 

ORIGEN-2.1 [3] computer program is used to cal-
culate material flow sheet, which is input for cost cal-
culation, and other tangible factors such as thermal 
power, radioactive ingestion and inhalation hazards 
of high level wastes. ORIGEN2.1 is a computer 
code system for calculating the buildup, decay, and 
processing of radioactive materials. ORIGEN2.1 
uses a matrix exponential method to solve a large 
system of coupled, linear, first-order ordinary diffe-
rential equations with constant coefficients.  

Radioactive inhalation or ingestion hazards are 
calculated by ORIGEN2.1 as the volume of air or 
water which is necessary to dilute a given amount 
of an element to a concentration corresponding to 
its maximum permissible concentration given in 
Table II of Part 10 of Title 20 of the Code of Fede-
ral Regulations (10CFR20). The volume of air or 
water required for each element in a mixture is 
assumed to yield the total volume of dilution water 
or air required and thus a measure of the radioac-
tive inhalation or ingestion hazards of the elemen-
tal mixture, respectively [2]. 

In order to calculate the overall fuel cycle cost, 
the magnitude of each component cost and the 
appropriate point in time that it occurs must be 
identified. The quantities at each stage of fuel 
cycle are obtained from reactor neutronic calcula-
tions. These quantities of material and services are 
adjusted to allow for process losses in the various 
component stages of the nuclear fuel cycle and 
then multiplied by the unit costs to obtain the com-
ponent costs [4]. Discount and/or interest rates are 
not taken into account for simplicity. 

For the fuel cycle scenarios that involve repro-
cessing, it is assumed that recovered U and/or Pu 
will be used to make MOX fuel with a discharge 
burnup of 50 GWd/kgHM. In utilizing Uranium and 
Plutonium, recovered by reprocessing of spent 
fuel, it is necessary to consider the isotopic compo-
sitions of these products. It is reported that 50 g Pu 
obtained by reprocessing of spent fuel with a 
burnup of 33 GWd/kgHM is necessary to make a  
1 kg MOX fuel with a discharge burnup of  

50 GWd/kgHM [4]. This is used as reference en-
richment to calculate necessary enrichments of 
other MOX fuels, which are determined by taking 
the infinite multiplication factor for each case equal 
to that of this reference MOX composition at the 
end of irradiation. 

To estimate Uranium and/or Plutonium credit 
for cost calculation of fuel cycles with reprocess-
ing, it is necessary to determine the values of Plu-
tonium and/or Uranium recovered by reprocessing, 
and these values are determined by the indiffer-
ence method. In this method, the saving in making 
MOX fuel with a discharge burnup of 50 MWd/kgHM 
by using Pu and/or recovered U is determined, and 
Pu and/or recovered U credits are obtained based 
on this saving. U+Pu product obtained through 
CO-PROCESSING and AIROX methods can be 
used after the spiking with a more enriched U or 
fissile Pu. This results in additional cost in contrast 
to savings due to using Pu and U products of stan-
dard PUREX reprocessing.  

During the evaluation of the nonproliferation 
contribution for each nuclear fuel scenario by AHP 
methodology, spontaneous neutron generation 
rate, the amount of decay heat, and purity of the 
reprocessing products are considered as the main 
factors that determines the desirability of the re-
covered Pu and/or U for use in a nuclear weapon. 
There will be more difficulties in weapon fabrication 
with a reprocessing product that has a high spon-
taneous neutron generation rate, decay heat and 
more impurities. 

A nuclear fuel cycle scenario based on the 
technologies that are widely used in commercial 
scale is assumed to be the most feasible. Fuel 
cycle scenarios dealing with high burnup, long 
cooling and reprocessing technologies under de-
velopment have lower ranks with respect to tech-
nological feasibility.   

 
2.2. Optimization Methodology 

In the optimization of nuclear fuel cycle, the AHP 
method is used to transform intangible factors into 
the tangible factors. AHP is a multi-criteria evalua-
tion procedure incorporating inconsistency and mi-
micking the human decision-making process and 
has been applied to complex technological, econo-
mic and socio-economic problems. AHP involves 
four steps in solving a decision problem. The first 
step is setting up a decision hierarchy by breaking 
down the problem into interrelated decision com-
ponents and arranging them into a hierarchic 
order. The second step is collecting input data by a 
pair wise comparison of the decision elements, 
and the third step is using the eigen-value method 
to estimate relative weights of the decision ele-
ments. The final step is aggregating the relative 
weights to arrive a set of ratings for the decision al-
ternatives.  
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Goal programming [5] solves the optimization 
problem through a hierarchical optimization pro-
cedure in which weights are implicitly assigned by 
creating preemptive priorities. The method requi-
res the decision maker to set goals for objective 
that one wishes to attain. A preferred solution is 
defined as the one, which minimizes the devia-
tions from the set goals. 

The most common form of the goal 
programming method is as follows: 
• Objective function (1): 

Min [P1(ρ1,η1), P2(ρ2,η2), …, Pl(ρl,ηl)] (1) 

• System constraints (2): 
gi(x) + ηi - ρi = bi,  
i = 1, 2, …, m; (2) 
fj(x) + ηj – ρj = bj,  

j = 1, 2, …, k; 
ρi ≥ 0 for all i; 
ηj ≥ 0 for all j; 
ρi x ηj ≠ 0 for all i. 
Where:  

bi and bj the goals of tangible and intangible 
factors respectively, 

ηi and ρi the under-achievement and over-
achievement of the i-th goal for tangible factors, 

ηj and ρj the under-achievement and over-
achievement of the j-th goal for intangible factors, 
and 

Pi the preemptive weights. 
The solution algorithm for 

the above equation is that 
P1(ρ1,η1) is minimized first; 
next P2(ρ2,η2) is minimized. If 
a lower ranking achievement 
function cannot be satisfied to 
the detriment of a higher ran-
king achievement function, 
this process continues until 
P1(ρ1,η1) is minimized. 

Here the objective is to 
select the optimum scenario, 
which is supposed to meet 
the various goals as closely 
as possible within the pre-
emptive priorities. Since all 
goals in goal programming 
should be represented in the 
“less than” form, the objec-
tive function is to minimize 
the negative goal deviations, 
η.   

The model applied in this 
study is as follows: 
• Objective function (3): 
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where: 
Xi is the i-th fuel cycle scenarios and nc is total 

number of fuel cycles; 
Aji and Bli are the normalized value of tangible 

and intangible factor respectively;  
aj and bl are aspiration levels of tangible and 

intangible factors respectively. 
First constraint is for the mutually exclusiveness 

of the fuel cycle scenarios, second constraint is for 
m tangible factors, and the last one is for k intan-
gible factors. 

In the objective function, the constraint involv-
ing mutually exclusive selection is placed at the 
first priority level. Tangible goals have the second 
priority level, and the lowest priority is assigned to 
the intangible goals. 

GPSYS [6], which is a goal programming soft-
ware package, is used in this study. There are also 
commercial optimization software packages that 
can be used to solve such goal-programming prob-
lems, such as LINDO/PC developed by LINDO 
Systems, Inc. 

Table 1. UOX cycles 

Fuel 
cycles 

Burnup, 
[MWd/kgHM] 

Enrichment, 
[%] 

Spent fuel 
interim 
storage 
period, 
[years] 

Spent fuel 
reprocessing 

UOX-1 33 3.2 5 No 

UOX-2 33 3.2 60 No 

UOX-3 50 4.2 5 No 

UOX-4 50 4.2 60 No 

UOX-5 33 3.2 5 St. Repr. 

UOX-6 33 3.2 60 St. Repr. 

UOX-7 50 4.2 5 St. Repr. 

UOX-8 50 4.2 60 St. Repr. 

UOX-9 33 3.2 5 Co-proc. 

UOX-10 33 3.2 60 Co-proc. 

UOX-11 50 4.2 5 Co-proc. 

UOX-12 50 4.2 60 Co-proc. 

UOX-13 33 3.2 5 Airox 

UOX-14 33 3.2 60 Airox 

UOX-15 50 4.2 5 Airox 

UOX-16 50 4.2 60 Airox 
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3. Results and Discussion 

Fuel cycle scenarios included in this study are 
given in Table 1. UOX fuel cycles for a PWR of 
1000 MW(e) with a thermal efficiency of 34.5% and 
a specific power of 37.5 MW/MT are considered in 
the study. A material flowsheet with a base of initial 
1000 kg HM for each scenario (Table 2) is calcu-
lated by ORIGEN2.1 fuel depletion code. In 
PUREX and COPROCESSING reprocessing 
methods, it is estimated that 99.9% of U and Pu is 
recovered. It is assumed that 100% of Iodine, 
Krypton, Xenon, Tritium and Carbon; 90% of 
Ruthenium and Cesium; and 75% of Tellurium and 
Cadmium are removed by the AIROX method [1].  

Fuel cycle costs based on the unit costs given in 
Table 3. Natural U requirements per kWhe, thermal 
power, and radioactive ingestion and inhalation 
hazards per kWhe per kg HLW are calculated and 
then normalized (Table 4). Priorities of these factors 
that will be used in objective functions are evaluated 
and relative weights of fuel cycle scenarios with 
respect to technological feasibility and nonprolife-
ration contribution are determined by the AHP me-
thodology. Consistency of the AHP process applied 
to evaluate intangible factors is checked to be con-
sistent in decision-making.  

Three sets of constraints are obtained; one set 
for strict constraint that is necessary for the mutual 
exclusiveness of the scenarios, one set for tangible 
factors, and one for intangible factors. Aspiration 
levels (right hand sides of the equations of con-
straints) of tangible and intangible factors are 
assumed to be equal within each set of con-
straints.  

Goal programming calculation shows that, with 
the set of weights of tangible factors in which 
priority is given to minimization of environmental 
factors (decay power, radiological ingestion and 
inhalation hazards of HLW), UOX cycle with high 
burnup and long interim storage (UOX-4) meets 
the defined goals as closely as possible and is the 
optimal fuel cycle scenario. If the priorities in the 
objective function are exchanged, i.e., by putting 
the third priority (an intangible goal) in the second 
place and the second priority  (a tangible goal) in 
the third place, the optimal fuel cycle scenario 
turns out to be the UOX cycle with low burnup and 
long interim storage (UOX-2). This means that 
results may be changed if the priorities in the 
objective function are changed, and thus, implies 
that determination of the optimal fuel cycle sce-
nario depends on the preferences given in the form 
of relative weights.  

 

 

Table 2. Material flow sheet for UOX fuel cycles 

Fuel cycles Electricity, 
[kWh] 

HLW, 
[kg] 

    

UOX-1 2.74E+08 1000.00     
UOX-2 2.74E+08 1000.00     
UOX-3 4.15E+08 1000.00     
UOX-4 4.15E+08 1000.00     

 Electricity, 
[kWh] 

HLW, 
[kg] 

Pu, 
[kg] 

Fissile Pu, 
[kg] 

U, 
[kg] 

Fissile U, 
[kg] 

UOX-5 2.74E+08 33.78 8.97 6.18 951.30 7.56 
UOX-6 2.74E+08 34.68 8.02 5.29 951.40 7.59 
UOX-7 4.15E+08 48.88 12.5 8.11 929.70 6.66 
UOX-8 4.15E+08 49.98 11.3 6.93 929.90 6.67 

 Electricity, 
[kWh] 

HLW, 
[kg] 

[U+Pu], 
[kg] 

Fissile [U+Pu], 
[kg]   

UOX-9 2.74E+08 33.78 960.27 13.76   
UOX-10 2.74E+08 34.68 959.42 12.87   
UOX-11 4.15E+08 48.88 942.25 14.77   
UOX-12 4.15E+08 49.98 941.19 13.60   

 Electricity, 
[kWh] 

HLW, 
[kg] 

[U+Pu+F.P.], 
[kg] 

Fissile [U+Pu], 
[kg] 

  

UOX-13 2.74E+08 10.50 989.50 13.76   
UOX-14 2.74E+08 10.00 990.00 12.87   
UOX-15 4.15E+08 16.00 984.00 14.77   
UOX-16 4.15E+08 15.00 985.00 13.60   
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Table 3. Reference unit costs (early 1991 money value) 

Component Reference value 
Front-end components  

U purchase 
U conversion 
U enrichment 
Fabrication 

UOX 
MOX 

$19.2/lb U308 
$8/kg U 

$110/SWU 
 

$275/kg U 
$1100 /kg HM 

Back-end components  
- Direct disposal option: 

Spent fuel transport & storage 
Encapsulation & disposal 

 
230/kg U 
610/kg U 

- Reprocessing option: 
Spent fuel transport 

Reprocessing (including disposal of LLW & ILW & the 
vitrification & storage of VHLW)  

PUREX 
COPROCESSING 

AIROX 
 

VHLW disposal 

 
$50/kg U 

 
 

$720/kg U 
$480/kg U 
$240/kg U 

 
$90/kg U 

Recovered U credit 
 (PUREX option) 

70% of the cost of fresh Uranium at the same 
enrichment 

Pu credit  
(PUREX option) 
[U+Pu] Credit 

(Co-processing option) 
 [U+Pu+F.P] Credit 

(AIROX option) 

 
 

Determined 
by 

the indifference method 

Note: These unit costs are taken from the 1994 OECD study [4] except CO-PROCESSING and AIROX reprocessing. It is estimated 
that CO-PROCESSING and AIROX costs are 2/3 and 1/3 of PUREX cost. 

 
 
 

 
Table 4. Coefficients of tangible & intangible factor 

Fuel 
cycles 

Fuel 
cycle 
cost  

Natural U 
requirement  

HLW thermal 
power 

HLW 
radioactive 
inhalation 

hazard 

HLW 
radioactive 
ingestion 
hazard 

Feasibility 
aspect 

Nonprolife-
ration 
aspect 

UOX-1 0.06705 0.05864 0.09028 0.07936 0.00436 0.17749 0.14853 
UOX-2 0.06705 0.05864 0.33505 0.01941 0.41470 0.14866 0.17760 
UOX-3 0.08612 0.06636 0.09462 0.01256 0.09487 0.12405 0.10266 
UOX-4 0.08612 0.06636 0.36424 0.02032 0.45339 0.10323 0.12384 
UOX-5 0.07362 0.05864 0.00305 0.00268 0.00015 0.08577 0.01547 
UOX-6 0.07328 0.05864 0.01226 0.00186 0.00057 0.07118 0.01876 
UOX-7 0.09334 0.06636 0.00407 0.00243 0.00022 0.05899 0.01302 
UOX-8 0.09287 0.06636 0.01828 0.00289 0.00085 0.04880 0.01110 
UOX-9 0.03969 0.05864 0.00305 0.00268 0.00015 0.04030 0.04069 
UOX-10 0.04101 0.05864 0.01226 0.00186 0.00057 0.03323 0.03389 
UOX-11 0.05259 0.06636 0.00407 0.00243 0.00022 0.02737 0.05874 
UOX-12 0.05463 0.06636 0.01828 0.00289 0.00085 0.02255 0.02273 
UOX-13 0.03629 0.05864 0.00190 0.04287 0.00135 0.01864 0.02781 
UOX-14 0.03777 0.05864 0.01201 0.24226 0.00880 0.01551 0.07074 
UOX-15 0.04814 0.06636 0.00828 0.19433 0.00586 0.01307 0.08531 
UOX-16 0.05043 0.06636 0.01829 0.36917 0.01310 0.01116 0.04910 
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The optimal fuel cycle scenario does not 
change when the set of weights of tangible factors, 
in which priority is given to minimization of fuel 
cycle cost, is used in the objective function. When 
aspiration levels of fuel cycle cost, natural U re-
quirement, decay power, and radioactive ingestion 
and inhalation hazards are increased/decreased, 
results remain the same. 

 
 

4. Conclusion 

This study has focused on determination of the 
optimal nuclear fuel cycles, which are classified 
with respect to burnup and back-end options. 
Tangible and intangible factors to be included in 
the process are selected and then integrated into a 
single optimization problem. Goal programming, 
which is a very useful tool for solution of difficult 
and complex technology selection problems, is 
used as the optimization methodology.  

Although ORIGEN2.1 results are acceptable for 
use in such a study, accuracy of the tangible fac-
tors calculated with ORIGEN2.1 depends on avail-
ability and use of the cross-section libraries suit-
able for specific cases. More detailed neutronic 
codes are necessary to be able to calculate the re-
quired parameters in detail. Tangible and intan-
gible factors are the main elements that determine 
the optimum solution. Aspiration levels, priority 
structure and relative weights also contribute to the 
selection of the optimum fuel cycle scenario. 

In future studies, it is aimed to broaden the 
spectrum of qualitative and quantitative factors to 
be included in the optimization problem, and to add 
fuel cycles under development into the candidate 
fuel cycle list. Besides, local or country specific 
factors may also be incorporated into the opti-
mization scheme. 
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