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Abstract –The Pebble bed Modular High Temperature gas cooled Reactor (HTR-
PM) making use of spherical fuel elements, distinguish from pressurized water 
reactor. The Spent Fuel elements (SF) discharged from the reactor core should be 
stored in the appropriate storage canisters, and the canisters filled with spent fuel 
elements should be stored in the appropriate interim storage facility at first decades. 
The main functions of the HTR-PM spent fuel storage system (SFSS) is transporting 
the spent fuel elements from the fuel handling system to the spent fuel canister, and 
then load the storage canister into the storage compartment, which have sufficient 
capacity to store the fuel elements produced in the whole life of the plant, including 
spent fuel, graphite fuel, partially burnt fuel and the fuel out of commission. 

The spent fuel storage system is an important system holding huge radiation 
elements, in process of handling fuel storage canister and in storage period, it 
should be ensured that the handling operation is safe all the time, the fuel pebbles 
are in subcritical condition, the radiation should be shielded sufficiently, and the 
decay heat should be discharged from the spent fuel canister and the storage facility 
safely in all supposed conditions. 

The spent fuels store in the spent fuel canisters, which could be loaded into the 
transport cask; it is convenient to transfer the spent fuel canister from the interim 
storage facility to other sites. The canisters could be ordered by stages with the 
operation of the plant. Type 304L stainless steel would be used as the material of the 
spent fuel canisters, which could last several decades with only slight corrosion on 
the outside surface in the marine atmosphere. 

The spent fuel discharged from the reactor core would decay for a long time; the 
decay heat should be cooled after the spent fuel canister is stored in the storage 
facility. In the first 30 months of the storage period, the decay heat is discharged by 
active cooling method, after that, the decay heat could be cooled passively by 
natural chimney effect. In supposed extreme conditions, the decay heat could be 
discharged from the spent fuel canisters and the storage facility safely. 

When it is required to transfer the spent fuels from the interim storage facility to 
other sites, the spent fuel canisters could be taken out from the storage facility 
conveniently, and could be lifted into the transport cask directly through the 
operation of the hoister. The facility and the equipment could be dismantled and out 
of commission conveniently without radioactive contamination. 

 
Keywords – HTR-PM; Spent Fuel; SFSS; Storage Canister; Transport cask; 
Interim Storage 
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I. INTRODUCTION 
 
The Pebble bed Modular High Temperature gas 

cooled Reactor (HTR-PM) is being designed for 
commercial use in China by the Institute of Nuclear 
and New Energy Technology, Tsinghua University 
(INET), the technology is based on the 10MW high 
temperature gas cooled reactor designed by INET. 
The HTR-PM has two reactor modules, which could 
supply steam for one conventional steam turbine 
with 200 MW electric power. 

Spherical fuel elements would be used in the 
reactors for the project of the HTR-PM, the diameter 
of the spherical fuel element is 60 mm, which 
composed of two parts, outside is a 5 mm layer 
graphite shell, inner is a 50 mm diameter fuel part, 
which dispersed thousands of fuel particles. 

There are about 420 thousands fuel elements in 
each reactor, the fuel elements pass through reactor 
core for 15 times in average, the two reactors 
discharge about 800 spent fuel elements totally every 
day. 

The spent fuel elements discharged from the 
reactor core should be stored in the storage canisters, 
and the canisters filled with spent fuel should be 
stored in the appropriate interim storage facility at 
first decades. 

The main functions of the HTR-PM spent fuel 
storage system (SFSS) is transporting the spent fuel 
elements from the fuel handling system to the spent 
fuel canister, and then load the storage canister into 
the storage wells, which have sufficient capacity to 
deposit the fuel elements produced in the whole life 
of the plant, including spent fuel, graphite fuel, 
partially burnt fuel and the fuel out of commission. 

When it is necessary to transfer the spent fuels 
from the interim storage facility to other sites, the 
spent fuel canisters could be taken out from the 
storage facility conveniently, and could be lifted into 
the transport cask directly through the operation of 
the hoister. The transport cask would transport the 
spent fuel canister to other sites (reprocessing plant 
or terminal storage facility). The design life of the 
interim storage facility is 50 years. 

 
II. FUNCTIONS 

 
The main functions of the HTR-PM spent fuel 

storage system (SFSS) are listed below: 
(1) Transport the fuel elements into the storage 

canister from the fuel handling system, then transfer 
and lift the canister into the storage well for interim 
storage; 

(2) Transport the graphite elements into the 
storage canister from the fuel handling system, then 
transfer and lift the canister into the storage well; 

(3) Transport the fuel elements of the whole 
reactor core into the storage canisters from the fuel 

handling system, then transfer and lift the canisters 
into the storage wells, and take the canisters out of 
the storage wells when necessary; 

(4) When it is necessary to return the fuel 
elements back into the reactor core, the elements 
could be taken out from the storage canister, and 
then the integrated elements could be isolated from 
the bad elements, and then transport to the reactor 
core; 

(5) Taking the storage canister from the storage 
well, and lift the canister into the transport cask, then 
transport the cask with the canister to other site; 

(6) Cooling the spent fuel canisters, discharge the 
decay heat of the spent fuel safely; 

(7) Shielding the radioactive spent fuels’ 
radiation, ensuring the safety of the public, operation 
staff and equipment. 

 
III. SPENT FUEL CANISTER 

 
HTR-PM has chosen movable canister for the 

spent fuel and used fuel storage, as shown in figure 1. 
The canister is made of 304L stainless steel, which 
has a life of more than 50 years in marine 
atmosphere. The spent fuel building could storage 
280 canisters, each canister has a capacity of more 
than 40000 spheres. 

The spent fuel canister is a cylindrical vessel, 
with a design pressure of 0.4 MPa, the fuel is stored 
in air atmosphere at normal pressure due to its lower 
temperature. The canister is a thin wall vessel, which 
could not provide enough radiation shield, so in the 
process of fuel loading and canister transfer, the 
canister would be put in a shielded cask, which could 
be moved by the ground crane in the building. 

The spent fuel canister has a nominal height of 
4.18m and a diameter of 1.78m, which could be 
inserted into a transport cask for transportation. 
There is a fuel loading opening on top of the canister, 
and the canister lid could be set in the opening. In 
the fuel loading process, the fuel loading tube would 
be lowered and linked to the canister’s opening, and 
the fuel elements could be loaded into the canister 
through the fuel loading tube and the opening. 

 
Fig. 1: Spent fuel canister 
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The spent fuel canister would be hoisted into the 
storage well after fully loaded with fuels. In the 
storage well, the canisters are stacked one by one, as 
shown in figure 2. 5 canisters could be stacked in 
one storage well at most. The bottom canister is set 
on the buffer seat, which could protect the canister in 
the extreme accident of canister drop by structure 
deformation. The buffer seat is set on the seating 
base, which is fastened on the concrete structure of 
the storage well.  

 

 
Fig. 2: Spent fuel storage well 

 
There are 4 guiding rails in the storage well, 

which could guide the canister in the process of 
hoisting. The guiding rails are fastened on the walls 
by the rail seats. In order to cool the canister, which 
has decay heat in interim storage period, it is 
required to ventilate the outside of the canister in the 
storage well, and a barrel is set between the canister 
and the storage wall, which could enable ventilation 
outside of the canister, the cold gas would flow 
downward between the barrel and the wall of the 
storage well, and turn off at the bottom of the barrel, 

then flow upward between the barrel and the canister, 
so that carry the decay heat from the canister to the 
atmosphere.  

 
Ⅳ. WORKING FLOW 

 
The system’s brief working flow chart is shown 

in figure 3, which illustrates the transporting process 
of the spent fuel elements loading into the canister, 
retrieving the fuel element from the canister and 
transport back to the reactor core through the fuel 
handling system, the transfer process of the canister, 
and so on. 

 
Fig. 3: Spent fuel storage system’s working flow 
 
The working flow of the spent fuel storage 

system could be illustrated as below: 
(1) The transportation of the fuel elements, 

including loading the spent fuel elements and 
graphite elements into the canisters, loading the fuel 
elements of the whole reactor core into the canisters, 
returning the fuel elements and graphite elements 
back into the reactor core. 

It is required to take the empty canister into the 
transfer cask, the ground crane position the transfer 
cask at the fuel loading site, and then the fuel 
elements are loaded into the canister from the fuel 
handling system.  

There is a direction convertor in the fuel loading 
pipe system, which could divert the element transfer 
downward direction, if the element was identified as 
fuel by the burn-up device at the upstream of the 
direction convertor, the direction convertor would 
act to direct the fuel element to the fuel loading 
device, which could load the fuel element into the 
spent fuel canister in the transfer cask, if the element 
was identified as graphite by the burn-up device, the 
direction convertor would act to direct the graphite 
element to the graphite sphere loading device, which 
could load the graphite element into the graphite 
element canister on the trolley.  
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When the canister is filled with elements fully, 
the lid would be returned back to the canister, it is 
necessary to weld the lid to the canister to ensure the 
seal’s reliability for a long time with the automatic 
welding machine. 

The process of the graphite elements loading into 
the canister is similar to the spent fuel elements, 
considering the core would discharge the spent fuel 
elements and graphite elements at the same time, the 
graphite elements should be loaded into the canister 
with distinct equipment from the spent fuel elements, 
when the canister filled with graphite elements fully, 
the lid would be set on top of the canister, and sealed 
with the welding machine also.  

The process of the loading fuel elements of the 
whole reactor core into the canisters is similar to the 
spent fuel elements with the same equipment. 

When it is necessary to return the fuel elements 
back into the reactor core, the graphite elements are 
supposed be transported into the core firstly. The 
elements would be extracted from the canister in the 
transfer cask by the retriever device, and then the 
element would be transported to the crushed spheres 
separator, which could separate the crushed spheres 
and dust from the good elements, the good elements 
would be transported back into the core through the 
fuel handing system, and the crushed spheres would 
be transported into the crushed spheres casket for 
storage.  

It is possible to decelerate the drop velocity in 
the core for graphite elements to prevent broken after 
falling on the bottom of the core, which is difficult 
for the fuel elements with intensive radiation. When 
the core is filled with graphite elements fully, the 
fuel elements would be transported into the core 
safely, and the graphite elements would be replaced 
gradually by the fuel elements. 

(2) Negative pressure ventilation in spent fuel 
loading process. 

In spent fuel loading process and element 
extracting process, the fuel element transport pipe is 
ventilated by the blower, so that the pipe internal is 
in negative pressure to prevent the leakage of the 
radioactive gas and dust into the operate room, after 
filtration, the gas is vented into the atmosphere with 
dose inspection. 

(3) The extraction of the elements from the 
canister. 

In the process of returning the elements back into 
the reactor core, it is necessary to extract the 
elements from the canister with the retriever device, 
which could insert a soft metal pipe into the canister 
to suck the element through the operation of the 
roots blower. 

(4) The operation of the storage canister. 
When the canister is filled with elements fully, 

the lid would be positioned on top of the canister, 
and then the lid would be welded on the canister by 

the automatic welding machine, then the canister 
would be taken to the specific storage well by the 
ground crane for storage. 

When it is necessary to take the canister from the 
storage well, the grab on top of the ground crane 
would be descended on top of the canister and catch 
the hoisting ring of the canister, then the canister 
would be lifted into the transfer cask on the ground 
crane, then the ground crane could transfer the 
canister to the specified position. 

When it is necessary to transport the storage 
canister to other site, the canister would be taken 
from the storage well firstly, and then the ground 
crane transfer the canister to the transport hole, the 
canister would be lifted into the transport cask under 
the transport hole, then the transport cask would be 
lifted on the transport vehicle and fasten firmly, then 
the canister could be transported to other site. 

 
Ⅴ. SPENT FUEL DECAY HEAT REMOVAL 

 
In the process of the fuel loading and canister 

transfer, it is necessary to cool the loading canister 
with blower to ensure the safety of the fuel and the 
canister. There are two blowers at the top of the 
transfer cask, and the two blowers would operate 
alternately, which could enhance the safety of the 
decay heat removal of the loading canister. 

When the spent fuel canister is loaded into the 
storage room, it is necessary to discharge the decay 
heat of the canister by ventilation to ensure the safety 
of the storage facility. 

The amount of the spent fuel decay heat depends 
upon the decay age of the spent fuel. The power of 
the spent fuel would decrease with time elapse. In 
the fuel loading process, the decay heat accumulates 
gradually during the 50 days of the fuel filling into 
the canister, as shown in figure 4. The maximum 
decay heat power of the canister is about 27.1 kW 
after fully loaded with the spent fuel elements. The 
maximum heat density inside the canister is about 
3.65 kW/m3, which is much less than the heat density 
value for the spent fuel just discharged from the 
pressurized water reactors (PWR). Due to the low 
power density; the ventilating cooling method could 
be used to cool the spent fuel canister in HTR 
reactors at any time. 

Once the canister is filled fully, the decay heat 
power drops exponentially thereafter, as shown in 
figure 5 and figure 6. In the first 30 months, the 
spent fuel canister decay heat power would drop to 
about 2.9 kW, after 5 years, the decay heat power 
would drop to about 1.34 kW, after 10 years, the 
decay heat power would drop to about 0.84 kW, after 
50 years, the decay heat power would drop to about 
0.32 kW. 
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Fig. 4: Spent fuel canister decay heat power in 

loading process 
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Fig. 5: Spent fuel canister decay heat power in 

period of 3 years 
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Fig. 6: Spent fuel canister decay heat power in 

period of 50 years 
 
In the reactor core complete defueling condition, 

the canister would be filled with the used fuels. In 
order to cool the used fuel storage canister, there 
would be a delay of around 30 days from the time of 
the reactor be shut down to the time of the first fuel 
element be discharged into the canister from the core. 
The used fuel canister would be filled fully in about 
5 days, the total heat load of the used canister is 
about 27.1 kW, which is similar to the spent fuel 
canister, so the cooling condition is similar for the 

used fuel canister and the spent fuel canister in the 
transfer cask on the ground crane. 

To defuel the whole core, 11 used fuel canisters 
would be used to store the used fuel elements, each 
canister could contain 38000 used fuel elements. 
Used fuel would be kept in the canisters during the 
reactor maintenance.  

The spent fuel canister filled with spent fuel 
elements would be stored in the temporary storage 
region for the first 3 years. Due to the relatively large 
decay heat in the canister, the temporary storage 
region would be ventilated with the blowers in the 
whole life after the first canister be loaded into the 
storage well.  

There are 3 ventilating cool modes in the decay 
heat removal system for the temporary storage 
region, as shown in figure 7. The 3 ventilating cool 
mode could be switched to each other through the 
operation of the air valves. 

The first mode is closed loop active cool, which 
could decrease the corrosion speed of the metal 
material since there is no fresh wet air flow into the 
storage well, the decay heat would be discharged to 
the cooling water through the heat exchanger.  

The second mode is open loop active cool, which 
is used in the case of the heat exchanger failure or 
for maintenance. Since the fresh wet air would flow 
into the storage well, the corrosion speed of the 
metal material is supposed to accelerate compared 
with the first mode, so once the heat exchanger could 
be use, it is suggested to switch to the first cool 
mode to decrease the corrosion speed of the metal 
material.  

The third mode is open loop passive cool, which 
is used in the case of all of the cooling blowers’ 
failure at the same time in supposed conditions. 
Decay heat removed from the canister passively 
through natural convection. Since there are 3 cooling 
blowers in service, each of them could provide 50% 
amount of cooling wind, one of the blowers is in 
backup state all the time, so the third mode is just 
used in ultimate condition.  

In the first mode and second mode, the cooling 
condition of the canister in the storage well is similar, 
so the temperature distribution in the storage well is 
similar also, as shown in figure 8. Considering the 
ultimate high temperature of atmosphere air could 
reach 39.4 ℃, which happen once in 100 years due 
to history records, the maximum temperature of the 
spent fuel element is below 400℃ , the canister’s 
maximum temperature is below 150℃, the barrel’s 
maximum temperature is below 63℃, the concrete 
wall’s maximum temperature is below 46℃, all of 
the temperatures are satisfied with the material’s 
safety temperature limits. 
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Fig. 7: Spent fuel canister cooling mode 

 
Fig. 8: Temperature distribution of the spent fuel and 

storage well in the temporary region 

 
In the ultimate accident, the 3 cooling blowers 

may breakdown at the same time, after that, the 
active cooling mode would be switched to the 
passive cooling mode through remote operation of 
the air valves. In that case, the cooling capacity is 
relatively reduced compared to the active cooling, so 
the temperature of the fuel elements, canister and 
concrete wall would increase after the accident, as 
shown in figure 9 and 10. The spent fuel element’s 
temperature would increase to near 370 ℃ in about 3 
days, and the concrete wall’s temperature would 
increase to near 110 ℃ at the same time. So the 
temperature of the fuel element is below safety 
temperature of 500 ℃ in accident condition, which 
is specified to ensure the graphite could not be 
oxidized. The temperature of the concrete wall is 
below safety temperature of 176 ℃  in accident 
condition, which is specified to ensure the strength 
of the construction, as stated in ACI-349 published 
by American Concrete Institute. 

 
Fig. 9: Temperature variation of the fuel elements 

after all of the blowers breakdown 

 
Fig. 10: Temperature variation of the concrete wall 

after all of the blowers’ breakdown 
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Fig. 11: Temperature distribution of the spent fuel 

and storage well in the interim region 
 
After the decay heat power of the canister 

decreases below 3 kW, the canister could be moved 
to the interim storage region. The open loop passive 
cool mode is used in normal operation to discharge 
the decay heat of the canister in the interim storage 
region, the temperature of the spent fuel element and 
concrete wall are shown in figure 11. The maximum 
temperature of the spent fuel element is below 120℃, 
the concrete wall’s maximum temperature is below 
54℃, all of the temperatures are satisfied with the 
material’s temperature limits. 

 
 

Ⅵ. DESIGN REQUIREMENTS 
 
In design life of the spent fuel storage system of 

the HTR-PM demonstration plant, it is required to 
ensure the fuel spheres’ sub-criticality, discharge the 
decay heat of the storage canister, radiation shielding 
and containment of the radioactive material. 

7.1 Fuel spheres’ sub-criticality 
The spent fuel elements and used fuel spheres are 

stored in the canisters; the material of the canister is 
304L stainless steel, considering the spent fuel 
elements as used fuel with average burn-up by means 
of burn-up credit assessment, and the used fuel 
spheres as new fuel, the extreme work situations 
were analyzed in normal and accidental conditions, 
the results showed that the effective multiplication 
factor keff of the spent fuel canister and the used fuel 
canister are all less than 0.95 in any conditions, 
which is satisfied with the safety criteria. 

7.2 Decay heat removal  
When the spent fuel storage room loaded with 

canister, it is required to remove the decay heat of 
the spent fuel by active or passive cooling method; 
the blowers with auxiliary power are used to 
discharge the decay heat from the canisters. When 
the canister has been cooled for some years, it is 

reliable to discharge the decay heat by passive 
method all the time. 

The decay heat of the spent fuel would decrease 
with storage time, and the temperature of the fuel 
would decrease also. The decay heat would decrease 
very low at the end of design life of the interim spent 
fuel storage facility. 

The calculation results showed that the maximum 
surface temperature of the canister is less than 150℃ 
in normal operation condition in summer, and the 
temperature would decrease in winter period, which 
is far lower than the temperature limit of the stainless 
steel. 

The maximum temperature locates at the center 
of the pebble bed in the canister, and the maximum 
temperature is less than 400℃ in normal operation 
condition, which is far lower than the temperature 
limit of the fuel element, so the fuel element would 
not oxide in normal operation condition. 

The maximum temperature of the concrete wall is 
less than 65℃ in normal operation condition. The 
temperature sensors would be set in the concrete 
wall of the storage well to monitor the temperature 
of the concrete wall. 

7.3 Radiation shield 
In fuel loading process, the radiation of the spent 

fuels in fuel pipes is shielded by the concrete wall, 
after the spent fuel elements have been loaded in the 
canister, the radiation of the spent fuel would be 
shielded by the iron transfer cask, when the canister 
has been loaded into the storage room, the radiation 
would be shielded by the concrete wall, when it is 
necessary to transport the canister to other site, the 
radiation would be shielded by the transport cask. 

7.4 Containment of the radioactive material 
The spent fuel elements are stored in the canister, 

the containment of the radioactive material is 
composed of two parts, one is the ceramic thin layer 
of the particle, another is the canister, which is 
sealed with reliable welding method; the two seal 
layers could ensure the containment of the 
radioactive material. 

The spent fuel canister is made of 304L stainless 
steel. Due to the test study of the 304 stainless steel 
corrosion in marine atmosphere, the corrosion 
resistance performance of the 304 stainless steel is 
very well; the corrosion speed is very low in marine 
atmosphere. The reference of the introduction to 
stainless steels (ASM International, 1999) provided 
the corrosion data of ANSI 300-series stainless steel 
in a marine atmosphere based on 15-year exposure 
250 m from the ocean at Kure Beach, NC, the 
corrosion speed of the 304 stainless steel is less than 
2.5×10-5 mm/a. In Qingdao area of China near 
demonstration plant, the similar exposure test had 
been done for many years, and the corrosion speed 
of the 304 stainless steel is less than 1.7×10-5 mm/a 
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at the sea line. The surface uniform corrosion speed 
is very slow, which could ensure the design life of 
the storage canisters. 

 
Ⅶ. CONCLUSION 

 
The spent fuel elements of HTR-PM are stored in 

the stainless steel canister, which meets the 
requirements of the sub-criticality and containment 
of the radioactive material, the canister could be 
loaded into the transport cask directly for 
transportation. 

The storage canisters would be stored in the 
spent fuel storage well; the decay heat removal 
system could discharge the decay heat of the spent 
fuel to the atmosphere to ensure the safety of the 
spent fuel and the canisters. So the system design 
could comply with all safety requirements, and is a 
feasible solution for the interim storage of the HTR-
PM spent fuels. 
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