
 
 
 

Proceedings of the HTR 2014 
Weihai, China, October 27-31, 2014 

Paper HTR2014-31158 
 

 

 
 
 

Activation Product Analysis and Disposal Suggestions for 
Decommissioning High Temperature Reactor Pebble Bed Module 

(HTR-PM) 
 

Sida Sun, Sheng Fang, Tao Liu, Jianzhu Cao, Hong Li 
Institute of Nuclear and New Energy Technology 

Tsinghua University, Beijing, China 
phone: +86-10-62773613, sunsd12@mails.tsinghua.edu.cn 

 
 
 

Abstract –The activation product is a primary concern when decommissioning 
nuclear reactors. In order to investigate the future decommissioning strategy of high 
temperature gas cooled reactor-pebble bed module (HTR-PM), the activation 
products are predicted and analyzed based on the KORIGEN for primary facilities 
in HTR-PM after a forty-year operating lifetime, including the reactor pressure 
vessel, absorber ball and its driving mechanism, the hot gas duct and its shell, and 
fuel discharge pipe and its shell. The radioactive level of activation products at one 
month, six months, one year, two years, five years, ten years, fifteen years, thirty 
years and fifty years after its full lifetime, are calculated respectively. The 
radioactivity classification of each component at different stages are obtained, 
according to the Chinese Standard GB9133-1995. The calculation results 
demonstrate that most decommissioned facilities are of low and intermediate 
radioactive level, which can adopt near-surface disposal or geological disposal 
according to the classification of radioactivity disposal recommended by the IAEA. 

 
I. INTRODUCTION 

 
During the nuclear reactor’s lifetime, the 

irradiated structural materials in the reactor capture 
neutrons and produce activation products. After the 
decommissioning of the nuclear reactor, these 
activation products turn into main radioactive source 
term during the facilities’ removal, decomposition, 
transportation and storage. For long-lived 
radionuclides in the facilities, direct sealing and 
disposal is not an appropriate method, due to the 
slow decrease of the radioactive level. Therefore, 
estimating and predicting the activation level of the 
activation products in the facilities after 
decommissioning is one of the most important tasks 
during the early period of decommissioning. [1] 

Recently, there are also methodology studies 
about long-lived activation products and the 
corresponding disposal for commercial nuclear 
reactors. [2-6] Activation source term estimation for 
decommissioning waste from light-water reactors, 
CANDU reactors and Danish Reactors has been 
studied in these studies. [3, 7-8] 

Although China’s high temperature gas cooled 
reactor-pebble bed module (HTR-PM) is currently 
under the stage of designing and constructing [9], the 

decommissioning of the HTR-PM and the final 
disposal of decommissioned facilities have obtained 
increasing attention. It is essential to give reasonable 
proposals on the facilities’ disposal of HTR-PM after 
decommissioning. 

In this paper, the material information of primary 
facilities in HTR-PM is collected, including the 
reactor pressure vessel, absorber ball and its driving 
mechanism, the hot gas duct and its shell, and fuel 
discharge pipe and its shield, as well as their thermal 
neutron fluence rate, resonance neutron fluence rate 
and fast neutron fluence rate at corresponding 
positions. Based on this comprehensive information, 
the KORIGEN program[10], which is developed by 
Karlsruhe Nuclear Physics Research Center based on 
ORIGEN, is used to analyze the activity effect and to 
evaluate radioactive source term in the facilities in 
HTR-PM after its forty-year lifetime. The 
radioactivity level of activation products at one 
month, six months, one year, two years, five years, 
ten years, fifteen years, thirty years and fifty years 
after its full lifetime, are calculated respectively. 
According to the calculation results, the radioactivity 
classification of each component at aforementioned 
periods is defined, according to the Chinese 
Standard GB9133-1995[11]. The results demonstrate 
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that most decommissioned facilities are of low and 
intermediate radioactivity level, which can adopt 
near surface disposal or geological disposal 
according to the classification of radioactivity 
disposal recommended by the IAEA [12]. 

 
II. METHOD 

 
The computer program used in this paper, 

KORIGEN, is a Karlsruhe version of the ORIGEN 
code developed by Bell and Nichols to solve the 
equations of radioactive growth and decay for large 
numbers of isotope with arbitrary coupling. [13] This 
program can be used to calculate various processes 
of radioactive materials in nuclear fuel cycle, such as 
accumulation and decay. Its main database contains 
cross-section data of 235U and 239Pu of both fast and 
thermal neutron spectrum, and thermal neutron 
fission cross-section data of 233U. [14] The KORIGEN 
has been used for the calculation of radionuclide 
inventory and decay heat of various reactor types, 
such as water reactor [15], fast reactor [16] and high 
temperature reactor [17], and has been proved to be 
reliable. 

 The primary model of KORIGEN is the 
following differential equations: 
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where iX  is atomic concentration of nuclide i, il  

represents the decay constant of nuclide i, iσ  is 
average neutron absorption cross-section of the 
spectra of nuclide i, ijl  represents the share of 

nuclide j which transfers to nuclide i, ikf  is the 
share of nuclide k which absorbs neutron and 
transfers to nuclide i, and Φ  is the average neutron 
fluence rate by positon and energy. 

 In this study, KORIGEN was used to analyze the 
activation products generated in the primary 
facilities of HTR-PM, including absorber ball and its 
driving mechanism, the hot gas duct and its shell, the 
reactor pressure vessel, and fuel discharge pipe and 
its shield, according to their key parameters. 

 
III. IMPLEMENTATION 

 
The design of the HTR-PM’s reactor pressure 

vessel (RPV) and its internals is considerably 
different from commercial pressurized water reactor 
and even different from previous HTR-10. Therefore, 
previous HTR-10 model [17] may not be appropriate 
for HTR-PM. In order to evaluate the activation of 
HTR-PM, a new computation model and 

parameterization of RPV and its internals is 
performed for HTR-PM in this study.  

The KORIGEN model in this study involves the 
following components: absorber ball and its driving 
mechanism, the hot gas duct and its shell, the RPV, 
and fuel discharge pipe and its shield. 

Figure 1 shows the modeling of HTR-PM’s RPV 
according to the neutron fluence rate distribution and 
RPV’s internal structure.  
 

 
Fig.1: Schematic diagram of High-temperature Gas-
cooled Test Reactor and the modeling of RPV for 

KORIGEN. 
 

To evaluate the activation products precisely, the 
RPV are divided into seven parts, including RPV 
closure head, RPV upper section, RPV middle 
section, RPV lower section, RPV bottom head, RPV 
upper support, and RPV lower support. To simulate 
neutron fluence rate distribution at closure head and 
bottom head, the neutron fluence rates at the height 
of the edge, the height of central positon of the 
radius, the height of radius 0.73 m and the highest 
point of the arch, of both heads, are collected 
respectively. The arithmetic mean of them is 
obtained as the neutron fluence rate distribution at 
each position. The RPV cylinder is divided into three 
parts, upper section (height 9.0 m), middle section 
(height 6.7 m), and lower section (height 5.0 m). The 
logarithmic mean of neutron fluence rates inside and 
outside the cylinder at each section is used.
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Table.1: Parameters used in the calculation of activation products

Number and name Temperature
(℃) Weight(kg) 

Thermal neutron 
fluence 

rate(/cm2·s) 

Resonance 
neutron fluence 

rate(/cm2·s) 

Fast neutron 
fluence 

rate(/cm2·s) 
1 RPV closure head 250 61400.00 5.74E+6 8.33E+5 5.76E+6 
2 RPV upper section 250 149270.00 9.85E+6 8.72E+7 3.83E+7 
3 RPV middle section 250 236590.00 3.31E+7 5.97E+8 4.33E+8 
4 RPV lower section 250 180260.00 2.68E+6 1.16E+7 2.18E+6 
5 RPV bottom head 250 73976.00 1.97E+5 9.55E+5 4.42E+6 

6 RPV upper support 250 46800.00 1.92E+7 3.10E+7 6.54E+6 
7 RPV lower support 250 46800.00 4.95E+7 1.15E+8 5.19E+7 
8 Components at the 

position of storage tank 200 12.37 3.81E+5 1.00E+6 3.00E+4 

9 Driving mechanism of 
absorber ball 200 367.12 8.00E+6 8.00E+5 5.00E+4 

10 Hot gas duct 500 3500.00 3.00E+7 1.50E+7 8.6E+5 
11 Shell of hot gas duct 200 25900.00 3.00E+7 1.50E+7 8.6E+5 
12 Fuel discharge pipe 
in the pressure vessel 400 14231.71 9.59E+4 3.98E+6 9.02E+5 

13 Fuel discharge pipe 
outside the RPV and 

shield 
400 2929161.42 5.72E+6 4.12E+6 6.84E+5 

The upper and lower support are composed of four 
supporting ear frames respectively, which are welded 
outside the RPV. The weights of both supports are 
assumed to be the same. The neutron fluence rate at 
the height of radium 3.47 m is used. The fuel 
discharge pipe can be divided into two parts, the 
pipe inside the RPV and the pipe outside the RPV. 
The steel shield blocks are on both sides of the 
discharge pipe. The neutron fluence rate at axis 4.03 
m in the active area is used.  

When decommissioning, the activation products 
in absorber ball mainly lie in its driving mechanism 
and the components at the position of storage tank. 
The driving mechanism of absorber ball is located 
above the RPV closure head, including sealer and 
permanent magnet material of the motor. The 
components at the position of storage tank are 3.6-6 
m above the reactor top. 

The hot gas duct is composed of bellows, inner 
wall, outer wall and fiber insulation adhesion. Both 
ends of the duct can be removed from the reactor 
core and helium inlet of the steam generator. The 
shell of the hot gas duct is located outside the hot gas 
duct, and the central axes of them coincide with each 
other. 

The fundamental parameters of the primary 
facilities are summarized in Table 1. 

 
IV. RESULT AND DISCUSSION 

 
IV.A. RPV Closure Head and Bottom Head 
 

The activation products in RPV closure head and 
bottom head vary with time after shutdown. The total 
weight of contaminated material in RPV closure 
head is 61.4 t approximately. The source term 
analysis shows that just after the duel discharge, the 
radioactivity of RPV closure head is 6.70×1011 Bq, 
and the specific activity is 1.07×107 Bq/kg, which is 
higher than 4×106 Bq/kg. According to GB9133-
1995[11], the closure head should be disposed as 
intermediate level radioactive waste after shutdown. 
When the specific activity reduces to 4×106 Bq/kg or 
less after being stored for five years after 
decommissioning, RPV closure head can be 
disposed as low level radioactive waste. When the 
HTR-PM is shutdown, the main radionuclides 
are 56Mn, 60Co, 60mCo, 64Cu, and 52V, et al. After six 
months or so most of these radionuclides disappear. 
The trend of the radioactive level of main 
radionuclides with long half-life, especially 63Ni 
and 60Co, is shown in Figure 2. 
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Fig.2: Radioactive level of radionuclides in RPV 

closure head 
 
The total weight of contaminated material in 

RPV bottom head right after the fuel discharge is 
73.976 t, while the total radioactivity and specific 
activity is  1.44×1010 Bq and 1.94×105 Bq/kg 
respectively. Since the specific activity is lower than 
the upper limit of low level radioactive waste (4×106 
Bq/kg), the RPV bottom head can be disposed as 
low level radioactive waste according to GB9133-
1995[11]. The Main radionuclides 
like 60Co, 60mCo, 64Cu, 99Mo and 99mTc give most of 
the radioactivity at the beginning of the reactor 
lifetime’s end. Most of the radionuclides decay and 
eventually disappear one to six months later. The 
trend of the radioactive level of main radionuclides 
with long half-life in RPV bottom head is shown in 
Figure 3. 

 

 
Fig.3: Radioactive level of radionuclides in RPV 

bottom head 
 

IV.B. RPV Cylinder 
 
The activation products in upper, middle and 

lower section of RPV cylinder are analyzed 
respectively, and are summed to obtain total 
radioactive level of the RPV cylinder. The activation 

products in RPV cylinder varies with time after 
decommissioning, as shown in Figure 4.  
 

 
Fig.4: Radioactive level of radionuclides in RPV 

cylinder 
 

 The weight of contaminated material in RPV 
cylinder is 563.3 t approximately, and the total 
radioactivity is 9.22×1012 Bq. The specific activity is 
1.64×107 Bq/kg which is higher than 4×106 Bq/kg. 
According to GB9133-1995[11], the RPV cylinder 
should be disposed as intermediate level radioactive 
waste after fuel discharge. After being stored for five 
years, the specific activity reduces to 4×106 Bq/kg or 
less. Therefore, RPV cylinder can be disposed as low 
level radioactive waste at that time. The main 
radionuclides that contribute to the activity 
are 60Co, 64Cu, 60mCo, et al, at the beginning of the 
reactor’s decommissioning. Most of the 
radionuclides decay and finally disappear one to six 
months later. The change of the radioactive level of 
those radionuclides with long half-life, such as 63Ni 
and 60Co, is shown in Figure 4.  

 
IV.C. RPV Upper and Lower Support 

 
The analysis result shows that there will be 46.8 t 

contaminated material in RPV upper support. The 
total radioactivity is 1.84×1012 Bq and specific 
activity is 3.93×107 Bq/kg, which is higher than 
4×106 Bq/kg. According to GB9133-1995[11], the 
RPV upper support should be disposed as 
intermediate level radioactive waste when 
discharging. Its specific activity can reduce to 4×106 
Bq/kg or less after being stored for five years. At that 
time, RPV upper support can be disposed as low 
level radioactive waste. Radionuclides 
including 56Mn, 60Co, 64Cu, and 60mCo are the main 
source of the radioactivity. Most of the radionuclides 
vanish one to six months later. The reducing 
situation of the radioactive level of main 
radionuclides with long half-life is shown in Figure 5. 
The radioactive level reduces slowly 30-50 years 
after decommissioning, so storing for 50 years 
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almost has the same significance as storing for 30 
years. 
 

 
Fig.5: Radioactive level of radionuclides in RPV 

upper support 
 

For RPV lower support, there is 46.8 t 
contaminated material, with total radioactivity of 
5.11×1012 Bq and specific activity of 4.09×108 
Bq/kg. Since the specific activity is higher than 
4×106 Bq/kg, the RPV upper support should be 
disposed as intermediate level radioactive waste 
according to GB9133-1995[11]. After being stored for 
ten years later than decommissioning, the specific 
activity reduces to 4×106 Bq/kg or less. Then RPV 
lower support can be disposed as low level 
radioactive waste. The main radionuclides 
are 56Mn, 60Co, 64Cu, and 60mCo when the reactor just 
shutdown. Most of the radionuclides decay and 
disappear one to six months later. The radioactive 
level of main radionuclides with long half-life varies 
with time, as shown in Figure 6. Obviously, the 
radioactive level does not reduce remarkably in 30-
50 years. Therefore considering security, storing for 
50 years almost has the same significance as storing 
for 30 years. 

 

 
Fig.6: Radioactive level of radionuclides in RPV 

lower support 
 

IV.D. Absorber Ball and Its Driving Mechanism 
 
The source term analysis shows that after the 

reactor’s forty-year lifetime, the weight of 
contaminated material in the components at the 
position of storage tank is 12.372 kg, with total 
radioactivity of 1.77×107 Bq and specific activity of 
1.43×106 Bq/kg, which is lower than 4×106 Bq/kg. 
According to GB9133-1995[11], the components at 
the position of storage tank can be disposed as low 
level radioactive waste. The main radionuclides 
are 56Mn, 55Fe, 51Cr, 63Ni and 60Co after the fuel 
discharge. After six months or so, most of the 
radionuclides decay to none. The radioactive level of 
main radionuclides with long half-life changes 
differently, as is shown in Figure 7. During 10-50 
years after decommissioning, 60Co contributes most 
to the radioactivity, and the radioactive level does 
not reduce significantly.  

 

 
Fig.7: Radioactive level of radionuclides in the 

components at the position of storage tank 
 
The weight of contaminated material in the 

driving mechanism of absorber ball is 367.124 kg 
approximately, with total radioactivity of 6.40×1010 
Bq. The specific activity is 1.74×108 Bq/kg, which is 
higher than 4×106 Bq/kg. Therefore, it should be 
disposed as intermediate level radioactive waste. 
After being stored for five years, the specific activity 
of the driving mechanism of absorber ball reduces to 
4×106 Bq/kg. Thus it can be disposed as low level 
radioactive waste. The main radionuclides existing in 
the driving mechanism of absorber ball 
are 56Mn, 55Fe, 51Cr, 63Ni, 32P. Most of the 
radionuclides decay fast and change into other 
nuclides after one to six months. The trend of the 
radioactive level of main radionuclides with long 
half-life, is shown in Figure 8. During 30-50 years 
after decommissioning, 63Ni and 59Ni contributes 
most to the radioactivity, and the radioactive level 
does not reduce significantly. 
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Fig.8: Radioactive level of radionuclides in the 

driving mechanism of absorber ball 
 

IV.E. Hot Gas Duct and Its Shell 
 
The source term analysis shows that after the 

reactor’s forty-year lifetime, the weight of 
contaminated material in the hot gas duct is 3.5 t, 
with total radioactivity of 1.58×1011 Bq. The specific 
activity is 5.27×107 Bq/kg, which is higher than 
4×106 Bq/kg. According to GB9133-1995[11], it 
should be disposed as intermediate level radioactive 
waste when decommissioning. The specific activity 
decreases to 4×106 Bq/kg or less after being stored 
for five years. Then the hot gas duct can be disposed 
as low level radioactive waste. When the reactor just 
decommissions, the main radionuclides in the 
driving mechanism of absorber ball 
are 56Mn, 60Co, 64Cu, 60mCo, 52V, 51Cr, 55Fe, 63Ni. 
Most of the radionuclides decay to none one to six 
months later. The trend of the radioactive level of 
main radionuclides after discharge with long half-life 
is shown in Figure 9. In 30-50 years, the 
radioactivity reduces slowly. Therefore, storing for 
thirty years for hot gas duct is appropriate. 

 

 
Fig.9: Radioactive level of radionuclides in the hot 

gas duct 
 

The source term analysis shows that after the 
reactor’s forty-year lifetime, the weight of 
contaminated material in the shell of the hot gas duct 
is 25.9 t, with total radioactivity of 1.22×1012 Bq. 
The specific activity is 4.71×107 Bq/kg, which is 
higher than 4×106 Bq/kg. According to GB9133-
1995[11], the shell of the hot gas duct should be 
disposed as intermediate level radioactive waste after 
discharge. After being stored for five years, the 
specific activity reduces to 4×106 Bq/kg or less. 
Until then the shell of the hot gas duct can’t be 
disposed as low level radioactive waste. At the 
reactor lifetime’s end, the main radionuclides in the 
shell of the hot gas duct 
are 56Mn, 60Co, 60mCo, 55Fe, 51Cr and 63Ni. Most of 
the radionuclides decay and finally disappear one to 
six months later. The radioactive level of main 
radionuclides with long half-life change with time 
after discharge, as shown in Figure 10. From thirty to 
fifty years, the radioactive level decreases with a 
slow reducing speed. Therefore, storing for thirty 
years for the shell of the hot gas duct is appropriate. 
 

 
Fig.10: Radioactive level of radionuclides in the 

shell of the hot gas duct 
 

IV.F. Fuel Discharge Pipe and Its Shield 
 
The weight of contaminated material in the fuel 

discharge pipe and its shield is 49.77 t approximately, 
with total radioactivity of 3.68×1011 Bq. The specific 
activity is 7.39×106 Bq/kg, which is higher than 
4×106 Bq/kg. According to GB9133-1995[11], the fuel 
discharge pipe and its shield should be disposed as 
intermediate level radioactive waste after 
decommissioning. After storing for one month, the 
radioactivity could reduce to low radioactive level. 
However, for safety, it is recommended that this 
facility should be stored for five years before it can 
be disposed as low level radioactive waste. When the 
reactor lifetime terminates, the main radionuclides 
are 56Mn, 60Co, 99Mo, 99mTc, 60mCo and 64Cu. Most of 
these radionuclides decay and disappear one to six 
months later. The changing situation of the 
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radioactive level of main radionuclides with long 
half-life, such as 63Ni and 60Co, is shown in Figure 
11. From thirty to fifty years, the radioactive level 
reduces slowly. Therefore, storing for thirty years for 
the shell of the hot gas duct is appropriate. 

 
Fig.11: Radioactive level of radionuclides in fuel 

discharge pipe and its shield 
 

IV.G. Summary 
 
The activation products in each primary facility 

are analyzed and the radioactive level at typical time 
is obtained. The trend of radioactive level of each 
facility is shown in figure 12. According to GB9133-
1995[11], the radioactive level of each facility is 
defined and listed in Table 2. Most of these facilities 

are of intermediate level when decommissioned. 
After five years store, most of them change into low 
level radioactive waste. As recommended by the 
IAEA[12], such intermediate and low level 
radioactive waste can adopt near-surface disposal or 
geological disposal. 

 
V. CONCLUSION 

 
In this study, the activation products of the RPV 

and its internals after HTR-PM’s decommission are 
thoroughly analyzed by using the KORIGEN 
program. The radioactive level of each activated 
facilities at one month, six months, one year, two 
years, five years, ten years, fifteen years, thirty years 
and fifty years after its full lifetime, are predicted 
respectively. Based on the computation results, the 
radioactivity classification of each facility are 
defined according to the Chinese Standard GB9133-
1995. The calculation results demonstrate that most 
facilities of HTR-PM are of intermediate radioactive 
level after decommissioning. And they turn into low 
radioactive level radioactive waste after 5 years’ 
storage. According to the classification of 
radioactivity disposal recommended by the IAEA, 
these facilities can adopt near-surface disposal or 
geological disposal. 

 

 

 
Figure 12: Radioactive level of facilities in HTR-PM 
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Table.2: Radioactivity classification of the activation facilities 

Number and name Initial 
decommissioning Five years later Ten years later 

1 RPV closure head intermediate level low level - 
2 RPV bottom head low level - - 

3 RPV cylinder intermediate level low level - 
4 RPV upper support intermediate level low level  
5 RPV lower support intermediate level intermediate level low level 

6 Components at the position of 
storage tank low level - - 

7 Driving mechanism of absorber 
ball intermediate level low level - 

8 Hot gas duct intermediate level low level - 
9 Shell of the hot gas duct intermediate level low level - 

10 Fuel discharge pipe and its 
shield intermediate level low level - 
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