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Abstract – Since 1991, KAERI has been developing the DUPIC fuel cycle technology. The concept of a 
direct use of spent PWR fuel in CANDU reactors (DUPIC) is based on a dry processing method to 
refabricate CANDU fuel from spent PWR fuel without any intentional separation of the fissile materials 
and fission products. A DUPIC fuel pellet was successfully fabricated and the DUPIC fuel element 
fabrication processes were qualified on the basis of a Quality Assurance program. Consequently, the 
DUPIC fuel fabrication technology was verified and demonstrated on a laboratory-scale. Recently, the fuel 
discharge burn-up of PWRs has been extended to reduce the amount of spent fuel and the fuel cycle costs. 
Considering this trend of extending the fuel burn-up in PWRs, the DUPIC fuel fabrication technology 
should be improved to process high burn-up spent fuels. Such an improved DUPIC fuel fabrication 
technology was successfully established with a fuel burn-up of 65,000 MWd/tU. 

 
 

INTRODUCTION 
Since 1991, KAERI (Korea Atomic Energy 
Research Institute), AECL (Atomic Energy of 
Canada Limited) and DOS (US Department of 
State), with the participation of the IAEA, have 
cooperated jointly to develop the DUPIC (Direct 
Use of spent PWR fuel In CANDU reactors) fuel 
cycle technology to improve an uranium 
resource utilization with an enhanced 
proliferation resistance approach[1]. The DUPIC 
technology, as its name implies, is to directly 
refabricate CANDU fuel from spent PWR fuel 
without any separation of the fissile materials 
and fission products. Thus, the DUPIC fuel 
material always remains in a highly radioactive 
state, which leads to a remote fuel fabrication in 
hot cells. KAERI has implemented a series of 
remote fuel fabrication campaigns to make a 
DUPIC pellet and element for satisfying the 
CANDU fuel design requirements. Since 1999, 
the DUPIC fuel has been fabricated by using 
spent PWR fuel with an average burn-up of 
27,300 MWd/tU, discharged from the Kori 
Nuclear Power Plant #1 in 1986. The DUPIC 
fuel fabrication campaign was successful in 
meeting the current fuel specifications and 
KAERI’s remote fuel fabrication technology 
was well verified.  
Recently, the fuel discharge burn-up of PWRs 
has been extended to reduce the amount of spent 
fuel and the fuel cycle costs. Considering this 
trend of extending the fuel burn-up in PWRs, the 
DUPIC fuel fabrication technology should be 
improved to process high burn-up spent fuels by 
analyzing the effects of a spent fuel burn-up on 

the fuel fabrication processes. One of the key 
parameters influencing the fuel fabrication 
characteristics would be the amount of fission 
products contained in a spent fuel as impurities. 
A high burn-up spent fuel has more fission 
products than a low burn-up spent fuel. To 
establish the process for a high burn-up spent 
fuel with an average burn-up of 65,000 MWd/tU, 
DUPIC fuel fabrication experiments were 
conducted and the results were evaluated. The   
release behavior of the fission products was 
investigated and the process characteristics 
were assessed by analyzing the data obtained 
from the experiments. 
 
EXPERMENTAL METHOD 
 
The high burn-up spent fuel with an average 
burn-up of 65,000 MWd/tU which was 
discharged from Uljin # 2 plant in 2001 was used 
for the experiments. The DUPIC fuel pellets 
were fabricated in accordance with the optimized 
fuel fabrication process flow shown in Fig. 1. 
The optimized process conditions were applied 
to produce the OREOX (Oxidation and 
Reduction of Oxide fuel) powder and pellet. The 
spent fuel pellet was oxidized at 500 oC for 5 hrs 
to convert the UO2 pellet to U3O8 powder. And 
the oxidized powder was treated by the OREOX 
process which is composed of 3 cycles of an 
oxidation at 450 oC in air and a reduction at 
700oC in 4%H2/Ar. After the milling and 
precompaction steps, a green pellet was prepared 
with a pressure range from 88 MPa to 150 MPa. 
The sintering conditions were re-evaluated by 
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changing its temperature and soaking program. 
After each sintering experiment, a sintered 
density was measured by the immersion method.  
An experiment to analyze the release behavior of 
the fission products during a sintering were also 
carried out. The gamma spectrometer system 
(GAMMA-XTM HPGE, Coaxial Photon Detector 
System, ORTEC Gamma Vision 32 GMX 
Series) was aligned to a green pellet located in a 
tubular furnace to obtain the gamma spectrum 
due to the release of cesium from the green 
pellets. The cumulative release fraction of 
cesium during the sintering step was calculated 
from a comparison of the count rates measured 
during each test with the initial count rate of 
cesium from the green pellet before a test. Fig. 2 
shows the schematic diagram of the apparatus 
for the experiments.  
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Fig. 1. Process flow for the DUPIC fuel 
 fabrication process. 
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Fig. 2. Schematic diagram of the apparatus for 
the fission products release experiment. 

 
 
 

RESULTS AND DISCUSSION 
 
Release Behavior of Cesium during a 
Sintering 
 
Fig. 3 shows the release behavior of cesium 
during a sintering under the condition of a step 
by step soaking to 1,650 oC, with a 1.2 hr 
holding at 1,350 oC. As shown in this figure, 
cesium was released in the temperature range 
between 1,100oC and 1,450 oC regardless of the 
soaking program. Generally the sintering process 
is divided into three stages: (a) Initial stage of a 
sintering (neck formation and growth), (b) 
Intermediate stage of a sintering (interconnected 
pores), (c) Final stage of a sintering (isolated 
pores). The onset of a real densification in a 
sintering occurs above 1,100 ~ 1,150 oC and the 
relative density at an intermediate sintering stage 
is 60 to 90 % of the theoretical density[2]. It is 
clear that the temperature range for a cesium 
release during a sintering corresponds to the 
intermediate sintering stage. It was reported that 
cesium is gaseous above 1,200 oC, thus a release 
of cesium occurs by an axial migration in the 
grain boundary pores in the central region of a 
fuel[3]. Especially, for a high burn-up fuel, a 
marked migration of cesium to the pellet rim 
region was observed and the microstructure 
changes resulted in a decrease in the grain size 
and the formation of numerous small pores[4]. 
Therefore, a milled powder from the pellet rim 
region would have a high content of cesium. 
Based on these results, it is expected that a 
gaseous cesium release during an intermediate 
sintering stage affects the network formation of 
the pores, followed by a formation of residual 
pores in a green pellet. 
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Fig. 3. Cumulative release fraction of Cs 
 during a sintering. 
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Recovery of Spent Fuel Meat during a 
Decladding 
 
As for the DUPIC fuel fabrication process, the 
spent PWR fuel is first disassembled and 
decladded to separate the spent fuel material 
from the cladding tube. For a decladding process, 
a mechanical method using a cutting knife was 
applied to slit the cladding tube. It was identified 
that the material recovery of the normal burn-up 
spent fuel was over 99%, which was evaluated 
by using DSNC (DUPIC Safeguard Neutron 
Counter). However, as shown in Fig. 4, after a 
mechanical slitting, a certain amount of fuel 
material was observed inside the cladding tube in 
the case of the high burn-up fuel. Therefore, an 
oxidative decladding step which is an oxidation 
of a slitted cladding tube at 700 oC for 5 hrs was 
required to completely remove the spent fuel 
material. After an oxidative treatment of the 
cladding tube, the material recovery of the high 
burn-up spent fuel was over 99%.  

 

 
 

Fig. 4.  Spent fuel material remained in the 
           inner surface of the decladded hull. 
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Fig. 5. OREOX-treated powder densities with 

the spent fuel burn-ups. 
 
Powder Characteristics 
As described in Fig. 1, the OREOX process was 
applied to produce a sinterable powder, and the 
milling process followed to enhance the powder 
sinterability. To evaluate the powder 

characteristics, the pour and tap densities were 
obtained from the spent fuel material with 
different burn-ups as shown in Fig. 5. The 
weight gain of the high burn-up fuel at the 
oxidation step is 3.4 wt%, which is lower than 
that of normal burn-up fuel, 4.2 wt%. It was also 
observed that the oxidized powder with a fuel 
burn-up of 40,000 MWd/tU had about a 3.3 
g/cm3 tap density, while a high burn-up fuel of 
65,000 MWd/tU had a higher tap density. The 
higher density of the U3O8 powder made from 
the high burn-up spent fuel was probably 
attributed to an incomplete oxidation. General 
observation of the oxidation rate with different 
fuel burn-ups is that the oxidation rate 
decreases with an increasing fuel burn-up[5]. 
However, the densities of the milled powder 
increased by about 3 times more than those of 
the OREOX-treated powder. 
 
Pellet Characteristics 
Fig. 6 shows the variation of the green pellet 
densities with the fuel burn-ups. It was 
observed that the green pellet density dropped 
steeply to about 6.35 g/cm3 for the high burn-
up fuel. The density change of the sintered 
pellet, as shown in figure 7, showed a similar 
behavior to that of the green pellet. As referred 
from Fig. 7, the sintered density of the pellet 
made from the normal burn-up spent fuel was 
over 95% of the theoretical density (T.D.), but 
the sintered density from the high burn-up 
spent fuel showed a little lower value of 93% 
T.D. These results mean that the high burn-up 
spent fuel has a limited density for the sintered 
pellet when the conventional fabrication 
process is applied, therefore, the fuel 
fabrication process parameters should be 
improved for processing the high burn-up 
spent fuel. 
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Fig. 6. Variation of the green densities  

       with the spent fuel burn-ups. 
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Fig. 7. Variation of the sintered densities 

with the spent fuel burn-ups. 
 

 
Improved Process for High Burn-up Fuel 
 
As shown in Fig. 7, the sintered pellet density 
fabricated from the high burn-up fuel is about 
93% T.D., which is below the requirements of 
95%.  It was assessed that the lower sintered 
density was attributed to both the poor powder 
properties and the release of semi-volatile fission 
products like cesium during the sintering step. 
Thus, a higher sintering temperature, 1800  oC 
and a step by step soaking program with a 
holding step at 1,300 oC were proposed to 
improve the process for treating the high burn-up 
spent fuel. Fig. 8 shows the variation of the 
sintered densities after applying the improved 
process.  

92.0

93.0

94.0

95.0

96.0

97.0

98.0

20,000 30,000 40,000 50,000 60,000 70,000

Burn-up, MWD/tU

%
 o

f  
Th

eo
er

tic
al

 d
en

si
ty

: 1800oC-10hrs (Minimum)
: 1800oC-10 hrs(Maximum)
: 1300oC-3hrs-1800-10hrs(Average)
다항식 (: 1800oC 10 hrs(Maximum))

 
Fig. 8. Variation of the sintered densities with 

the spent fuel burn-ups by applying the 
improved process. 

 
The sintered density from the high burn-up spent 
fuel is over 95% T. D., which satisfies the fuel 
specifications. Based on this result, it was 
assured that the sintering temperature history had 
a significant effect on the sintered density. 
Especially, for the case of the high burn-up spent 
fuel, the holding step at 1,300 oC was crucial for 

a complete removal of the semi-volatile fission 
products such as cesium during a sintering.  
 
 
CONCLUSION 
 
In order to improve the DUPIC fuel fabrication 
process to treat a high burn-up spent fuel, the 
effects of spent fuel burn-ups on the fabrication 
characteristics were evaluated experimentally. 
The release behavior of cesium from the pellet 
prepared with a high burn-up spent fuel was 
evaluated. The fuel burn-up used in this study is  
65,000 MWd/tU. The densities of the powder 
produced by an oxidation, OREOX and the 
milling processes were assessed, respectively. 
Also, the density variation of a sintered pellet as 
well as a green pellet with the fuel burn-ups was 
investigated. On the basis of these experimental 
results, an improved process was successfully 
established to process a high burn-up spent PWR 
fuel  
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