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SUMMARY  

 
 
Quantitative analysis of the fission gas release characteristics during the voloxidation 
and OREOX processes of spent PWR fuel was carried out by spent PWR fuel in a 
hot-cell of the DFDF. The release characteristics of 85Kr and 14C fission gases during 
voloxidation process at 500  is closely linked to the degree of conversion efficiency ℃

of UO2 to U3O8 powder, and it can be interpreted that the release from grain-
boundary would be dominated during this step. Volatile fission gases of 14C and 85Kr 
were released to near completion during the OREOX process. Both the 14C and 85Kr 
have similar release characteristics under the voloxidation and OREOX process 
conditions. A higher burn-up spent fuel showed a higher release fraction than that of 
a low burn-up fuel during the voloxidation step. It was also observed that the release 
fraction of semi-volatile Cs was about 16% during a reduction at 1,000oC of the 
oxidized powder, but over 90% during the voloxidation at 1,250 oC. 
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1. INTRODUCTION 
 

The advanced voloxidation process in AFCI (Advanced Fuel Cycle Initiative) 
program provides three important advantages when used as a head-end treatment 
process[1-4].  First, it may be used to separate the fuel from the cladding.  A 
decladding step is desirable in that it may simplify process flow sheets by excluding 
the cladding constituents from the fuel constituents. Segregation of cladding may 
also result in generation of less high level waste.  In addition to decladding, 
voloxidation, may be used to decrease the particle size of the fuel, which will in turn 
increases the kinetics of downstream treatment operations the efficiency of 
dissolution.  Finally, voloxidation treatment may remove problematic constituents 
from the fuel prior to downstream treatment operations. One is to remove volatile 
fission products such as 85Kr, 129I and 14C to minimize the emission of gaseous 
fission products during the main process. The other is to remove several fission 
products such as Cs, Ru, Mo, Tc from the head-end process to reduce the operating 
cost and radioactivity level in a subsequent process, and to recover the long-lived 
fission products (Tc, I). Head-end removal of gaseous fission products is particularly 
important in aqueous reprocessing where the presence of NOx gases, generated 
during fuel dissolution operations, makes separation of these gases much more 
challenging.  The head-end voloxidation process is equally applicable to aqueous or 
pyrochemical treatment processes. 

Since 1991, KAERI (Korea Atomic Energy Research Institute), AECL (Atomic 
Energy of Canada Limited) and US DOS (Department of State of U.S.), with the 
participation of the IAEA, have been collaborating on research to develop a spent 
PWR fuel recycle process to improve a uranium resources utilization with an 
enhanced proliferation resistance[5]. In this international collaboration, the concept 
of a dry recycling of spent PWR fuel into CANDU reactors was proposed and seven 
dry recycling options were examined [6,7]. These options, involving only mechanical 
and/or thermal processes, can be referred to collectively as the Direct Use of spent 
PWR fuel in CANDU reactors (DUPIC) fuel cycle options. 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. Since this 
technology uses only a thermal/mechanical process for the refabrication of the spent 
PWR fuel, the spent fuel standards are maintained throughout the overall fuel 
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fabrication process, thus the DUPIC technology is recognized as a highly 
proliferation resistant fuel cycle. From the results of the feasibility studies performed 
until 1993, the OREOX (Oxidation and REduction of OXide fuel) option was chosen 
as the most promising method for the DUPIC fuel fabrication, by considering its 
technical feasibility and safeguards, etc.[6]. The oxidation process in OREOX 
technology is similar to the voloxidation process. Key parameters which influence 
the DUPIC fuel fabrication characteristics are thought to be both the powder 
properties and the amount of fission products in a spent fuel. The spent fuel material 
undergoes a voloxidation first, followed by the OREOX process (3 cycles of 
oxidation at 450oC in air and reduction at 700oC in 4%-H2/Ar) to produce a quality 
powder suitable for a fuel fabrication. During the voloxidation and OREOX 
processes, it is anticipated that some of the volatile and semi-volatile fission products 
are released from a spent fuel material which is exposed to a high temperature of up 
to 700oC. The DUPIC fuel technology has been demonstrated well by establishing an 
optimization process for a fuel fabrication through several batch processes using 
typical spent PWR fuel, as shown in Figure[8]. Considering the core management 
strategy for extending the burn-up of an LWR fuel, the effect of a spent fuel burn-up 
on a fuel fabrication should be experimentally verified as one of the key process 
parameters. From a preliminary study, it was shown that the density of sintered 
pellets fabricated with a high burn-up spent fuel was lower than that of sintered 
pellets fabricated with a conventional burn-up spent fuel of about 30,000 MWd/tU 
[9,10].  

To provide a better understanding on the remote fuel fabrication characteristics, 
the hot experiments on the release behavior of the volatile and semi-volatile fission 
products using spent PWR fuel in DFDF (DUPIC Fuel Development Facility) hot 
cell at KAERI were carried out. This hot experiment was conducted in an area of I-
NERI project entitled with “Development of Voloxidation Process for Treatment 
of LWR Spent Fuel” which project description is shown in Table 1. The fission 
products release characteristics were experimentally evaluated by using a high burn-
up spent fuel of 65,000 MWd/tU. In this experiment, it was thought that a key fission 
product affecting the fabrication characteristics in the dry process is the cesium 
element due to its boiling point of 670oC and the low dissociation temperature of its 
oxides (< 700oC)[11]. This report describes the release behavior of the fission gases 
such as 14C and 85Kr during the voloxidation and OREOX processes according to the 
spent fuel burn-up. The release fraction of semi-volatile cesium was also obtained 
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under the oxidation and reduction conditions with increasing temperature up to 
1,650oC. 

 

 

 

 
 

Figure 1. Qualified process flowchart of the DUPIC fuel fabrication. 
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Table 1. Task title and responsible lead organization of I-NERI project 

Task Description Institute

A Measurement and assessment of volatile fission gas release behavior 
from voloxidation process   

A1 Development of analytical method and equipment to assess volatile 
fission gas release during voloxidation process K/O/I 

A1.1 Establishment of optimal analytical method to assess the release of 
each volatile fission product from voloxidation process K/O/ I 

A1.2 Development of measuring system based upon on-line and off-line 
counting methods  K/O/ I 

A2 Hot experiment on volatile fission gases released from spent fuel 
during voloxidation  I /K/O 

A2.1 Hot experiment on release behavior of volatile fission gases from 
OREOX process in KAERI K/O/ I 

A2.2 Hot experiment on volatile fission gases released from spent fuel 
during voloxidation tests in ANL hot-cell facilities  I /K/O 

B Assessments for the recovery and trapping of gaseous fission products  

B1 Development of unit processes for treating volatile fission gases  K/O/ I 

B1.1 Literature survey and selection of trapping process for each fission 
products released during voloxidation process  K/O/ I 

B1.2  Non-radioactive experiments for trapping applications requiring 
experimental verification K/O/ I 

B2 Design, manufacturing, installation and test operation of an off-gas 
treatment system for a voloxidizer in the U.S. I/K/O 

B2.1 Design of an off-gas treatment system for a voloxidizer in the U.S I /K/O 

B2.2 Manufacturing, installation and test operation of an off-gas treatment 
system for a voloxidizer in the U.S.  I /K/O 

B3 Hot experiment on the recovery and trapping of gaseous fission 
products from spent fuel I /K/O 

B3.1 Operation of an off-gas treatment system for a voloxidizer in the U.S. I /K/O 

B3.2 
Measurement and evaluation of the efficiency of recovery of gaseous 
fission products from a voloxidation off-gas treatment system in the 
U.S. 

I /K/O 

B4 Independent experiments to develop of trapping concepts for 
immobilizing volatiles released during the voloxidation treatment I =K=O

C Development of process cycles to optimize fuel cladding separation 
and fuel particle size  

C1.1 Design equipment for process testing I /K/O 

C1.2 Perform hot experiments to develop process parameters I /K/O 

* I/K/O for INL/KAERI/ORNL, respectively. Lead organization is listed first. 
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2. HOT EXPERIMENT FOR THE ANALYSIS OF 
FISSION GAS RELEASE BEHAVIOR  

 
The spent PWR fuel rods used in this experiment were discharged from Gori Unit 

#1 and Uljin Unit #2 and the average burn-up of these spent fuel rods was estimated 
to be ranged from 27,300 to 65,000 MWd/tU. Release kinetics of the fission gases, 
which are typically 14C and 85Kr, during a voloxidation followed by an OREOX 
process were analyzed by a measuring system installed in a glove box in a hot cell 
area. The fractional release percent of Cs during the voloxidation and reducing 
conditions was calculated by the count rates from an on-line measurement during 
each test. This calculated value was compared with the initial count rate of Cs from a 
spent fuel fragment prior to a test. 
 
 
2.1. Characteristics of spent fuel 

Table 2 shows the spent fuel characteristics used in this experiment. The spent 
PWR fuel with an average burn-up of the fuel rods ranging from 27,000 to 39,600 
MWd/tU(G23 series) was discharged from Gori #1 in 1986, and the high burn-up 
spent fuel with a short decay time was from Uljin # 2 in 2001. The fuel rods(K23-
B16, K23-M03) with the highest burn-up in the K23 assembly were approximately 
58,000 and 65,000 MWd/tU from the PIE test after its transportation to KAERI, 
respectively. 

 
Table 2. Spent fuel characteristics used in this work 

Rod No. G23 Assembly K23 Assembly 
 5B K10A B16 M03 

Initial Enrichment 3.21% 4.2% 
Burn-up (MWd/tU) 27,300 35,000 58,000 65,000 

Discharge Sept. 1986 May 2001 
NPP Gori # 1 Uljin # 2 

 
2.2. Measurement system of released fission gases 

The characteristics of fission gases measurement system released from 
voloxidation and OREOX process were well described in previous technical 
report[12]. Release behavior of the 85Kr fission gas during the voloxidation and 
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OREOX processes was analyzed by using this on-line measuring system. The 85Kr 
gas in a gas stream flows to a Marinelli shaped tank, which is equipped with a NaI-
type gamma detector. Quantitative analysis for the release fraction of the 14C fission 
gas during each step was performed by using a scrubbing method. Effluent gas from 
the voloxidation process flowed into the 1.5M NaOH solution at a constant gas flow 
rate. Liquid samples with the same volume were taken at a specific time interval. The 
14C activity for each sample was analyzed by the LSC (Liquid Scintillation 
Counting) method. Release fractions of the above fission gases were obtained by 
comparing the cumulative activities from the experiments with an initial inventory 
calculated by the ORIGEN code. For measuring the Cs fission product released, after 
putting a sample of spent fuel into an alumina boat at the front of an alumina tube, 
this tube was moved to specific position inside a tubular furnace. The gamma 
spectrometer system (GAMMA-XTM HPGE, Coaxial Photon Detector System, 
ORTEC Gamma Vision 32 GMX Series) was aligned with a fragment of the spent 
fuel material or a green pellet located in a tubular furnace. This alignment makes a 
high count rate of Cs during an on-line measurement of spent fuel material. The 
count rates of Cs measured at specific time interval was compared with the initial 
pre-test count rate to calculate the release fraction of Cs during a thermal treatment 
of a sample. The release fraction of Cs was obtained from the count rate change of a 
gamma spectrum due to the release of cesium during the thermal treatment of a 
sample. The cumulative release fraction of cesium after completion of each test was 
calculated by comparing the count rate of cesium from the spent fuel material before 
and after a test. The released Cs was completely trapped on a fly-ash filter located at 
the end of the tubular furnace.  

 
2.3. Experimental conditions for fission gases release behavior 

Typical test-runs for the release behaviors of the 85Kr and 14C fission gases were 
performed, as summarized in Table 3. The first voloxidation was performed for 5 to 
10 hrs at 500 oC in air, and then the subsequent OREOX process was performed, 
which was composed of 3 cycles of oxidation at 500oC in air and a reduction at 
700oC in 4%H2/Ar. A spent PWR fuel with a high burn-up of 65,000 MWd/tU (K23-
M03) was used for the study of the release behavior of cesium from a spent fuel 
fragment during various thermal treatment conditions. Test condition for the release 
behaviors of Cs from a spent fuel fragment is summarized in Table 4. 
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Table 3.  Test conditions for the fission gases release 

Test No. Burn-up 
(MWd/tU) Test conditions Wt. 

(g) 
VT-1 27,000 Voloxidation and 3 cycles OREOX 500.2 
VT-2 35,000 Voloxidation and 3 cycles OREOX 308.3 
VT-3 65,000 Voloxidation and 3 cycles OREOX 302.3 
VT-4 65,000 Voloxidation and 3 cycles OREOX 302.2 
VT-5 65,000 Voloxidation and 3 cycles OREOX 302.4 
VT-6 65,000 Voloxidation and 3 cycles OREOX 110.9 
VT-7 65,000 Reduction at 700oC 9.96 
VT-8 65,000 Voloxidation at 700oC 8.1 
VT-9 58,000 Voloxidation and 3 cycles OREOX 450.1 

 
 
 

Table 4. Test conditions for release behavior of Cs from the spent fuel fragment 

Test No. Burn-up 
(MWD/MTU) Test conditions Wt. 

(g) 
SVT-1 65,000 Voloxidation at 500 oC  8.62 
SVT-2 65,000 Reduction at 1,000oC 8.55 
SVT-3 65,000 Voloxidation at 1,500 oC  13.36 
SVT-4 65,000 Reduction at 1,650oC 12.25 
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3. FISSION GAS RELEASE BEHAVIOR FROM 
VOLOXIDATION  AND OREOX PROCESS USING 
SPENT FUEL 
 

3.1. Characteristics of a powdering by the Voloxidation process 
For a DUPIC fuel fabrication, the spent PWR fuel is first disassembled and then 

declad to retrieve the spent fuel material. The mechanical slitting method was applied 
to separate the fuel material from the spent fuel rod-cut which was about 15 cm in 
length. By using the DSNC (DUPIC Safeguard Neutron Counter) equipment, it was 
identified that the retrieval efficiency of the spent fuel material from the rod-cut was 
over 99.8 %. However, a small amount of fuel material after a mechanical slitting 
was observed inside the cladding tube among a few of the high burn-up fuel rod-cuts. 
Therefore, an oxidation of the slit cladding tube at 700 oC for 5 hrs was required to 
completely retrieve the spent fuel material. After an oxidative treatment of the 
cladding tube, the retrieval efficiency of the spent fuel material was over 99.9 %. 
Sharp decrease in weight gain by a fuel oxidation to U3O8 at 500 oC for 5 hrs was 
observed over a fuel burn-up of 60,000 MWd/tU, as shown in Figure 2.  
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Figure 2. Variation in weight gain of oxidized powder with spent fuel burn-ups. 
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It was also observed that the oxidized powder with a fuel burn-up to 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 K23-M03 spent fuel is thought to be attributed to an incomplete oxidation of the 
high burn-up spent fuel. General observation of the oxidation rates with different fuel 
burn-ups is that the oxidation rate decreases with an increase of the fuel burn-up. 
Figure 3 shows that no significant difference in the tap density of the OREOX 
powder, which was fabricated from all of the spent fuel materials with a range of 
27,300 ~ 65.000 MWd/tU, was observed. As increasing the spent fuel burn-up, the 
density of the OREOX powder slightly increased. 
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Figure 3.  Influence of the fuel burn-ups on the densities of the OREOX powder. 

 

 

 

 
 
 



 15

3.2. Release behavior of the 85Kr and 14C fission gases during the Voloxidation 
and OREOX processes  
The voloxidation process, first studied at ORNL (Oak Ridge National 

Laboratory), has been developed to provide an effective removal of tritium from 
spent fuel by an oxidation of UO2 to U3O8 prior to a dissolution of spent fuel during 
the reprocessing process[2,13]. Recently, an advanced voloxidation process has been 
investigated to reduce the activity level in a subsequent main process and to recover 
the long-lived fission products such as 129I and 99Tc by a head-end removal of several 
key fission products[3,13]. It is evident that a higher voloxidation temperature is 
required to remove the volatile fission gases and semi-volatile fission products such 
as Cs, Ru, Tc, Mo etc. However, the effect of various operating parameters on the 
removal of several key fission products should be investigated to enhance the 
efficiency of the process. In this paper, quantitative release data of volatile fission 
gases of the 85Kr and 14C during a 1st voloxidation followed by the OREOX process 
were studied in terms of the spent fuel burn-up. 

Typical behavior of 85Kr released from the spent fuel material during the 1st 
voloxidation and the subsequent OREOX processes in the VT-1, 2, 3 and VT-9 tests 
are depicted in Figure 4 and Figure 5.  
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Figure 4. Release characteristics of 85Kr fission gas with spent fuel burn-ups during 
the 1st voloxidation. 
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Figure 5. Release characteristics of 85Kr fission gas with spent fuel burn-ups during 
the OREOX process. 

 
Figure 4 shows that 85Kr started to be released at 350 oC during the 1st 

voloxidation of the spent fuel in all the tests. However, during the OREOX process, 
no release of85Kr fission gas was observed in the 1st oxidation step of the 1st cycle of 
OREOX, but it was released in the 1st reduction step at 700oC as shown in Figure 5. 
Release of 85Kr was detected in the 2nd OREOX cycle. The release rate of 85Kr 
increased sharply in the early stages, and then it decreased to a non-detectable level. 
These results imply that the release behavior of 85Kr is strongly dependent on the 
temperature history, not the gas atmosphere. Also, this means that a longer process 
time is required to completely release 85Kr from a spent fuel with a higher burn-up. 

Typical release characteristics of 14C from the 1st oxidation process in the VT-2 
and VT-4 tests are shown in Figure 6. Its release behavior was similar to that of 85Kr. 
After starting its release at around 300 oC during the 1st voloxidation step, a sharp 
increase of the release rate at the 1st reduction step up to 700 oC during the OREOX 
process was observed. Maximum activity of 14C in the off-gas stream during the 
OREOX process was about 7 to 10 times higher than that at the 1st voloxidation step 
of 500 oC. It was also observed that a higher burn-up spent fuel requires a longer 
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operation time for a complete removal of 14C from a spent fuel. Effect of the gas 
atmosphere on the release behavior of 85Kr and 14C was investigated in the VT-6, 7 
and VT-8 tests. Although a higher temperature was applied to the reducing condition, 
the small release fraction from the spent fuel was observed. 
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(a) 1st Voloxidation step 
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(b) OREOX step 
 

Figure 6. Release characteristics of 14C fission gas with spent fuel burn-ups during 
the 1st voloxidation and OREOX processes. 
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Based on the release characteristics of the above fission gases during the 1st 
voloxidation and the subsequent OREOX processes, quantitative release fraction data 
of each fission gas during each step was obtained. Variations in typical cumulative 
release percent of 85Kr during voloxidation and OREOX processes is shown in 
Figure 7. Based on these results, the release fraction of 85Kr during the 1st oxidation 
step and the subsequent OREOX process is represented in Table 5, and the release 
fraction of 14C is in Table 6.  
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(a) Voloxidation step 
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(b) OREOX step 

 
Figure 7. Cumulative release percent of 85Kr fission gas with spent fuel burn-ups   

during the 1st voloxidation and OREOX processes. 
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Table 5. Summary of Fractional Release of 85Kr during the 1st Oxidation and 
OREOX Processes 

Test conditions 
Test 
No 

Spent fuel 
Burn-up 

(MWd/tU) 
1st 

Voloxidation
RF**
(%) OREOX RF 

(%) 

Total 
release 
fraction 

(%) 

VT-1 27,300 500oC, 5hrs 7.7 450oC (Ox.*)
700 oC (Re.*) 79.2 86.9 

VT-2 35,000 500oC, 5hrs 6.6 450oC (Ox.) 
700 oC (Re.) 83.5 90.1 

VT-9 58,000 500oC, 5hrs 12.7 450oC (Ox.) 
700 oC (Re.) 68.8 81.5 

VT-3
~6 65,000 500oC, 5hrs 17.6 450oC (Ox.) 

700 oC (Re.) 66.7 84.3 

VT-7 65,000 700oC, 1hrs 
(Re.) 8.0 700oC, 1hrs 

(Ox.) 73.0 81.0 

VT-8 65,000 1,000oC, 1hrs
(Re.) 10.0 - - 10.0 

(* : Ox.-Oxidation, Re.-Reduction, ** : RF-Release Fraction) 

 
Table  6. Summary of fractional release of 14C during the 1st oxidation and 

OREOX processes 
Test conditions 

Test 
No 

Spent fuel 
Burn-up 

(MWd/tU) 
1st 

Voloxidation
RF**
(%) OREOX RF 

(%) 

Total 
release 
fraction 

(%) 

VT-1 27,300 500oC, 5hrs 7.5 450oC (Ox.*)
700 oC (Re.*) 72.1 79.6 

VT-2 35,000 500oC, 5hrs 12.0 450oC (Ox.) 
700 oC (Re.) 76.5 88.5 

VT-3 65,000 500oC, 5hrs 15.0 450oC (Ox.) 
700 oC (Re.) 66.8 71.8 

VT-
4,5 65,000 700oC, 1hrs 

(Re.) 6.0 700oC, 1hrs 
(Ox.) 54.0 60.0 

VT-6 65,000 1,000oC, 1hrs
(Re.) 12.0 - - 12.0 

(* : Ox.-Oxidation, Re.-Reduction, ** : RF-Release Fraction) 

 
It was confirmed that 85Kr and 14C were completely removed during the 1st 

oxidation and OREOX processes. In our tests, the quantitative data for the release 
fractions of 85Kr and 14C during the 1st voloxidation step at 500oC were similar to the 
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results obtained from previous voloxidation studies. Typical release fractions of the 
fission gases during a voloxidation at 500 oC showed over 99% for the tritium, 17 ~ 
22% for 14C, 7 ~17% for 85Kr, and less than 8% for 129I[1,2]. The lower release 
fractions of 85Kr and 14C during the 1st voloxidation step agree with the results of 
other works. It was evaluated that fission gases such as 85Kr and 14C are dispersed 
through a fuel as individual atoms rather than accumulated as gas bubbles at the 
grain boundaries[14~16]. A lower release fraction of the above fission gases during 
the 1st voloxidation step at 500 oC represents that an oxidation of UO2 to very fine 
U3O8 powder does not have a sufficient driving force to completely remove the 
fission gases from a fuel matrix. These results imply that the release fractions of the 
fission gases during the 1st voloxidation originated from the grain-boundary 
inventory of the fission gases. Compared to a high removal of tritium during a 
voloxidation, 85Kr and 14C seem to have much smaller diffusion coefficients in the 
UO2 matrix. As the spent fuel burn-up increases, the total release fractions for 85Kr 
and 14C decrease during the 1st oxidation and OREOX processes, as shown in Tables 
4 and 5. It could be assumed that this result is due to the higher release percentage of 
the fission gases to fuel-sheath gap of the high burn-up spent fuel, as shown in Figure 
8. 
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Figure 8. Fractional fission gas release to fuel-sheath gap with rod average burn-up. 
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3.3. Release behavior of the 129I fission gas during the Voloxidation process  

For the determination of release fraction of I-129 evolved from spent fuel during 
voloxidation process, analysis scheme was proposed as shown in Figure 9. This 
method is based on an extraction technology of I-129 from adsorbent used for off-gas 
treatment system with a combination of ICP analysis. Appendix is the detail 
procedure for chemical analysis of I-129 trapped on AgX filter media. Applicability 
of this analysis method was confirmed with the results of INL hot experiments using 
spent fuel. Testing with irradiated spent oxide fuel has been performed in the Hot 
Fuel Examination Facility (HFEF) located at the INL under varying operating 
conditions to assess the effects on fission product removal.  Test variables included 
temperature, pressure, oxidative gases, and cladding. 
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Figure 9. Analysis scheme for the determination of 129I released from voloxidation 
process. 

 
Figure 10 shows the distribution of total 129I/127I amount trapped on each stage of 

AgX filter unit. Total amount of 129I/127 on each stage was obtained by using our 
method. The release percent data for 129I collected during voloxidation of the fuels 
were consistent with an initial inventory of 129I in spent fuel calculated by ORIGEN 
code. Release percent of 129I during voloxidation treatment up to 1,200oC ranged 
from 86% to 99% in INL hot experiments. In previous typical voloxidation 
experiments[2], it was observed that very little 129I was collected during voloxidation. 
ranging from 0.1 to 7.9% evolved during most of the voloxidation tests. Also, 
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material balances for iodine in these two tests did not agree well with amounts 
expected. Also, three times more 129I was obtained with the glass apparatus than with 
the metal equipment used. Reasons for the difference have not been determined, 
although results from the glass apparatus are believed to be more accurate. Therefore, 
It is considered that our chemical analysis method for determination of 129I amount 
evolved from voloxidation process was very effective.  

 
Figure 10. Distribution of 129I amount on each stage of AgX filter unit. 

 
3.4. Release Characteristics of Cs during the Thermal Treatment Process  

Cesium is the most important fission product during a dry processing of spent 
fuel such as a pyrochemical process[3,4]. Removal of cesium in this type of process 
provides some advantages. The amount of salt waste generated during the 
pyrochemical process can be reduced by adopting a head-end removal of Cs prior to 
the main process[4]. Cesium as a semi-volatile fission product has been a major 
concern during a spent fuel treatment due to its high content, long half-life (Cs-137: 
30.2 years), and high heat generation. Cesium exists in a spent fuel matrix as solid 
chemical compounds such as Cs, CsI, Cs2UO3.56, Cs2UO4, Cs2MoO4, which depend 
on the O/M ratio of a spent fuel.18 Also, it can exist in the chemical forms of Cs, 
Cs2O, CsI and CsOH in the air, steam and hydrogen conditions[11,17]. Especially, 
the release fraction of semi-volatile fission products depends on the chemical species 
of the corresponding fission products in various gas atmospheres. For example, 
cesium monoxide (Cs2O) is one of the chemical forms of cesium that could be 
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present in a spent fuel. However, it is confirmed that a major chemical form released 
from a spent fuel in a steam condition is cesium iodide (CsI) by a stoichiometric 
reaction with iodine[18]. 

An advanced voloxidation process requires an additional heat treatment to 
remove the majority of cesium after the voloxidation process. Therefore, release 
characteristics of cesium at various operating conditions are necessary to establish 
the optimized condition for a cesium removal. Only the high burn-up spent fuel of 
K23-M03 was used to analyze the release behavior of cesium with a temperature 
increase up to a maximum of 1,500 oC. Holding time in all the tests was not applied 
after reaching a specific temperature. The first experiment was to evaluate the 
influence of a gas atmosphere on the release of Cs from a spent fuel fragment. Figure 
11 shows a fractional release of Cs during a two-step run, which means an 
oxidization at 500 oC in air (SVT-1) at first, and then a reduction of the oxidized 
powder at 1,000 oC in a 4%H2-Ar atmosphere (SVT-2). Release behaviors of 85Kr 
and 14C have already been mentioned in the previous section. In the SVT-1 test, 
release of Cs during a voloxidation at 500 oC was not observed. Negative release 
fraction of Cs during a voloxidation was attributed to a sample geometric change due 
to an oxidation of UO2 to U3O8 powder with a high surface area. In the SVT-2 test, 
release of Cs from the oxidized powder started at about 800 oC, and the total release 
of Cs was estimated to be about 16% after reaching 1,000 oC. This release fraction is 
not so large when considering the melting point of the Cs2O chemical form[17,18]. 
Therefore, a higher voloxidation temperature up to 1,500 oC in an air atmosphere was 
applied by using a spent fuel fragment.  

Release fractions of Cs from the SVT-2 and SVT-3 tests are compared in Figure 
12. Release of Cs started at about 800 oC, and a release fraction of about 90 % was 
observed after reaching 1,250 oC. These results reveal that a higher voloxidation 
temperature up to 1,200 oC is necessary for removing the majority of Cs from a spent 
fuel. When considering the thermodynamic properties of the chemical forms of Cs in 
a spent fuel, a voloxidation temperature up to 1,200 oC for a complete removal of Cs 
is thought to be reasonable. For example, the boiling temperatures of Cs2O and CsI 
are about 1,550 oC and 1,280 oC, respectively[18,19]. This result implies that besides 
Cs2O and CsI in spent fuel, either different chemical species of Cs compound such as 
Cs-Mo oxides are present which have much higher boiling point or the diffusion rate 
of Cs to the powder surface from the UO2 matrix is low. Therefore, an attempt to 
enhance the diffusion rate of Cs from the UO2 matrix should be carried out to 
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completely remove Cs from a spent fuel. Repetitive oxidation and reduction 
processes at a higher temperature than the OREOX process would be one of the 
promising options, which result in an increase of uranium mobility. 
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(a) SVT-1 : Voloxidation at 500oC 
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(b) SVT-2 : Reduction of oxidized powder at 1,000oC 

Figure 11.  Cumulative release percent of Cs  from the spent fuel fragment during    
voloxidation at 500 oC (SVT-1 test) and followed by reduction of 
oxidized powder at 1,000 oC (SVT-2 test). 
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Figure 12. Cumulative release percent of Cs from the spent fuel fragment during    
voloxidation up to 1,500 oC (SVT-3 test). 

 
 
Figure 13 shows the effect of fuel powdering on cumulative release fraction of C

s  from the spent fuel fragment (SVT-3 and -4 tests) during high temperature thermal 
treatment process, ranging from 1,500oC to 1,650oC.. Main difference in two tests is 
gas atmosphere even though gas temperature is similar. As expected in influence of 
gas atmosphere on powdering of spent fuel fragment, oxidation condition would 
provide easy powdering of spent fuel than reduction condition. When spent fuel 
fragment is oxidized, starting time to release the Cs is shortened within 1.5 times 
compared to reduction condition. Therefore, it was confirmed that reduction of 
operating time to remove the majority of cesium from a spent fuel could be possible 
on powdering of spent fuel. 
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Figure 13. Effect of fuel powdering on cumulative release fraction of 134Cs and 137

Cs  from the spent fuel(SVT-3 and -4 tests). 
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 4. CONCLUSIONS 

 
Quantitative analysis of the release characteristics of fission gases during the 

voloxidation and OREOX processes was carried out by using spent PWR fuel in a 
hot-cell of the DFDF (DUPIC Fuel Development Facility) at KAERI. Volatile fission 
gases of 14C and 85Kr were released to near completion during the OREOX process. 
Release behaviors of 14C and 85Kr under the voloxidation and OREOX conditions 
showed that both the 14C and 85Kr have similar release characteristics during these 
process steps. It can be explained by the fact that both C-14 and 85Kr are distributed 
along the same locations in the grain boundaries of the fuel matrix as the gas bubbles. 
The release fraction percentages of 14C and Kr-85 were estimated to be 7 to 15% 
during the voloxidation step, and 70 to 84% during the reduction step. A higher burn-
up fuel showed a higher release fraction than that of a low burn-up fuel during the 
voloxidation step. Weight gain by a fuel oxidation to U3O8 showed a semi-linear 
dependency with the fuel burn-up increase. 

Only the high burn-up spent fuel of K23-M03 was used to analyze the release 
behavior of cesium with a temperature increase up to 1,500oC. Release of cesium 
from the spent fuel fragment launched at about 800 oC, and release fraction of cesium 
was estimated to be about 15% when the process was operated under the oxidation 
condition at 500 oC and the subsequent reduction condition at 1,000 oC. However, 
about 90 % release fraction of cesium was observed after reaching to 1,250oC. These 
results reveal that a higher voloxidation temperature up to 1,200 oC is necessary to 
remove the majority of cesium from a spent fuel. 
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휘발성 산화공정 및 OREOX 공정에서 유사한 것으로 나타났다. 아울러 500oC 휘발성

산화공정에서는 사용후핵연료 연소도가  증가할수록  85Kr 및 14C 핵분열기체의 방출율은

더 높은것으로 나타났다. 산화분말을 1,000 로 가열할 경우 준휘발성 핵분열생성물인 Cs 의

방출율은 약 16%정도 였으나, 1,250 oC 까지 산화분위기에서 가열할 경우 90%이상의

방출율을 나타내었다.  

 주제명키워드 

 (10 단어내외)  

휘발성 산화공정, 산화-환원공정, 사용후핵연료, 핵분열기체, 

세슘, 방출거동 
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