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In 1986, I descended a temporary ladder about twenty feet to the bottom of a concrete pit at the Grand 

Gulf Nuclear Station in Port Gibson, Mississippi. I wore neither 
protective clothing nor a respirator. Stepping off the ladder, I 
knelt down on the concrete floor to look beneath the bottom of a 
metal storage rack. The rack had a thick metal frame and sheet 
metal walls. On the other side of the thin metal walls – mere 
inches from my shoulders, neck and head – rested the nearest of 
several dozen nuclear fuel bundles in dry storage. The sheet 
metal walls shielded beta emissions, but afforded scant 
protection against gamma and neutron emissions. Several 
minutes later, I climbed the ladder and exited the pit.  
 
The primary hazard I faced during my excursion into the dry 
storage pit was not radiation but gravity. Had I fallen off the 
ladder, I might have been injured. 
 
Radiation posed little hazard because nearly no radioactivity was 
being emitted. The pit stored new fuel bundles that had not yet 
been inside an operating reactor. The new fuel bundles would be 
transferred from the new fuel vault into the spent fuel pool, and 
then transferred into the reactor core to replace 264 irradiated 
fuel bundles being discharged after the first cycle of operation. 
 
Nuclear fuel in dry storage poses risks. When those risks are 

properly understood and managed, nuclear fuel in dry storage can be acceptably safe. 
 
Nuclear Fuel 
U.S. nuclear power reactors utilize fuel in the form of ceramic pellets of uranium dioxide. The uranium 
content is a mixture of two isotopes: Uranium-238 (U-238) and Uranium-235 (U-235). U.S. reactors are 
designed to split U-235 isotopes; U-238 isotopes also fission, but to a significantly lower rate.  
 
Fuel pellets are loaded like peas in a pod into hollow metal tubes called fuel rods. Fuel rods are installed 
in square arrays called fuel bundles, or fuel assemblies. Fuel assemblies are transported to nuclear power 
plants for placement in reactor cores.  

New Fuel Vault at Grand Gulf with the lid 
covering the far end removed and the lids 

covering the near end installed. 
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Nuclear Fuel Pellets Nuclear Fuel Pellets 

 
Nuclear Fuel in Wet Storage 
After residing in the reactor core for three operating cycles of 18 to 24 months in length, fuel assemblies 
are discharged from the reactor core into the spent fuel pool. Placing irradiated fuel assemblies into the 
spent fuel pool increases the heat load in the pool. During the 18 to 24 months that the reactor operates, 
the heat load in the spent fuel pool decreases to less than one-third of its initial level. Periodic discharge 
of fuel assemblies from the reactor core “recharges” the heat load in the spent fuel pool. 
 

 
  

 
Spent Fuel Pool Heat Load 
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Nuclear Fuel Fission, Radioactive Emissions and Decay Heat 
The source of the heat from irradiated fuel assemblies is the radioactive decay of fission byproducts. An 
isotope fissions into two smaller isotopes, but not always 
the same two byproducts. Subatomic particles called 
neutrons released by a fission may cause other isotopes to 
fission in a nuclear chain reaction. Many of the fission 
byproducts are unstable and at varying rates by different 
means seek stability through radioactive decay – emission 
of particles or energy rays. These radioactive emissions 
generate thermal energy, called decay heat. Sometimes, a 
single radioactive emission results in a stable isotope. 
Other times, multiple emissions through a chain of 
daughter products are needed to obtain a stable isotope.  
 
In essence, heat load corresponds to hazard level. The 
worker holding the nuclear fuel pellets in the picture above 
is wearing a glove; not for protection from decay heat or 
radioactive emissions but to protect the fuel pellets from 
degradation by human skin oils. Unirradiated fuel emits radioactivity, but in forms and rates that pose 
little hazard to workers handling it.  
 
As illustrated in the spent fuel pool heat load graphic, the recurring placement of freshly discharged 
irradiated fuel into the spent fuel pool keeps its heat load, and radiation hazard level, relatively high. The 
spent fuel pool water has two important roles. The water circulating through a cooling system prevents 
the water from boiling. And the water attenuates radioactivity emitted from the spent fuel assemblies to 
protect workers from unacceptable radiation exposures. 
 
Nuclear Fuel in Dry Storage 
The heat load of irradiated fuel assemblies decreases with time. At some point, the reduced heat load 
permits transfer of irradiated fuel assemblies from the spent fuel pool into dry storage. Workers lower an 
empty metal canister into the spent fuel pool, move irradiated fuel assemblies one at a time into the 
canister, and lift the loaded canister from the spent fuel pool. The loaded canister is sealed and its water 
replaced with an inert gas like helium or nitrogen. The canister is placed inside a cask for transport to the 
onsite dry storage facility. The cask serves two protective roles: (1) protect workers from radioactive 
emissions, and (2) protect the canister should it be dropped during transport.  

  
Vertical Dry Storage Cask Horizontal Dry Storage Cask 

 
Nuclear Fission 
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Dry storage systems feature vertical or horizontal casks. In either system, the decay heat generated by the 
spent fuel passes through the metal walls of the canister by a heat transfer process called conduction. The 
“chimney effect” pulls air into the cask that gets warmed by heat conducted through the canister walls and 
exhausts through outlets. This heat transfer process is convection. The dry storage system designs limit 
the decay heat load from spent fuel assemblies placed into the canister based on the conductive and 
convective heat transfer rates.  
 
The conductive heat transfer rate depends on factors such as temperature inside the canister, temperature 
outside the canister, and physical properties of the canister (e.g., type of metal, thickness of metal wall, 
etc.). Heat generated by the radioactive decay of fission byproducts passes through the pellets, through 
any gas in the gap between the pellets and the fuel rod, through the fuel rod, through the gas inside the 
canister and finally through the metal canister wall.  
 
The convective heat transfer rate depends on factors such as the outside surface temperature of the 
canister, ambient temperature of the outside air, and size of the air inlet and outlet ports.  
 
The dry storage systems design limit the temperature of the fuel rods to below the temperature 
experienced during operation in the reactor core (around 750°F). [Federal regulations require core cooling 
systems that keep the fuel rod temperatures below 2,200°F during design basis events.] 
 
Nuclear Fuel in a Leaking Dry Storage Canister 
If a crack or hole developed through a canister’s wall, it would be more like poking a hole in a deflated 
balloon than popping an inflated balloon. The contents of the canister would not rapidly rush out through 
the opening. The pressure inside the canister decreases as the contents leak out through the opening. As 
the canister’s internal pressure drops, the release rate through the opening decreases. 
 

  
 
For radioactive gases and particles to escape from a leaking canister in appreciable amounts, fuel rods 
must also be leaking. Otherwise, these gases and particles would be largely contained within the intact 
fuel rods. 
 
Nuclear fuel performance improved over the years as experience taught fuel vendors and plant owners 
how to manage the factors causing damage. In the early days, hundreds of failed fuel rods were 
discharged into spent fuel pools each year. Over time, the rate dropped to dozens of failed fuel rods each 
year. Vendors modified fuel pellet, fuel rod, and fuel assembly designs to lessen vulnerabilities. And plant 
owners improved water chemistry control and implemented other steps to minimize the chances of fuel 
rod damage during reactor operation. 



August 2021  Page 5 

 
Boiling Water Reactor Fuel Performance, 1969-1995 (Pressurized Water Reactor Fuel Performance Similar) 

 
Over more time, the number of failed fuel rods dropped lower and lower to handfuls or less. 
 

 
AREVA Boiling Water Reactor Fuel Performance, 1998-2007 (Pressurized Water Reactor Fuel Performance Similar) 
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The amount of radioactivity escaping from a leaking canister containing failed fuel rod(s) is reduced by 
the dwindling inventory of unstable isotopes. Even with one or more failed fuel rods, a canister’s leakage 
could contain no Iodine-131, Strontium-91, Xenon-135 or other short-lived isotopes because these 
isotopes would have long since decayed away. 
 

 
Depletion of Isotopic Inventory due to Radioactive Decay 

 
Isotopes with longer half-lives (e.g., Cesium-137, Strontium-90, Krypton-85, and Cobalt-60) might be 
released from a leaking canister holding damaged fuel rod(s). Such a release would pose more of a 
contamination and cleanup problem than immediate public health hazard. Strontium-90 fires its 
“radioactive bullets” sporadically and sparsely while Krypton-87 fires “radioactive bullets” like a 
machine gun, fast and furious. 
 
A release of radioactivity from a dry canister would not be legal, because federal regulations require that 
all radioactivity released to the air or water be controlled and monitored. Any such release would likely 
not be lethal, because it would most likely be considerably below the amounts released from the nuclear 
plant during routine reactor operation as permitted by federal regulations.  
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Nuclear Fuel Relative Risk 
Risk is the product of the probability of something happening and its consequences. An event that occurs 
once every 25 years that harms 100 people poses a risk of 4 persons annually. Another event that occurs 
once every 3 months that harms one person (hopefully not the same person every time) has the same risk 
of 4 persons per year.  
The probability of an event involving nuclear fuel depends on a number of factors, with the energy or 
power level of the nuclear fuel being a key factor. The higher the energy level, the less time one has to 
intervene to prevent fuel damage. This table shows the maximum power levels of nuclear fuel in the 
reactor core, spent fuel pool, and dry cask at three nuclear reactors. 
 

Reactor 
Reactor Core 

Maximum Power 
Spent Fuel Pool 

Maximum Power 
Dry Canister 

Maximum Power 
Indian Point Unit 2 87,154 63 1 
Pilgrim 54,959 206 1 
San Onofre Unit 2 93,171 196 1 

 
The power levels are normalized to the maximum power level in a single dry storage canister (36.9 
kilowatts in this case for a Hi-Storm 100S design). The maximum power level in the spent fuel pool at 
Pilgrim was 206 times greater than the maximum power level in one of its dry canisters. The maximum 
power level in the reactor core at Indian Point Unit 2 when it operated was 87,154 times greater than the 
maximum power level in one of its dry canisters. 
 
The consequences from an event involving nuclear fuel also depends on a number of factors, with the 
amount of fuel that can be damaged in the event being a key factor. This table shows the maximum 
number of nuclear fuel bundles that could be placed in the reactor core, spent fuel pool, and dry canister 
at three nuclear reactors.  
 

Reactor 
Reactor Core 

Maximum Bundles 
Spent Fuel Pool 

Maximum Bundles 
Dry Canister 

Maximum Bundles 
Indian Point Unit 2 6 43 1 
Pilgrim 9 53 1 
San Onofre Unit 2 7 90 1 

 
The maximum number of bundles is normalized to the maximum capacity in a single dry storage canister 
(32 for pressurized water reactor spent fuel or 68 for boiling water reactor spent fuel in a Hi-Storm 100S 
design). It would take damage to the spent fuel bundles in 53 dry canisters to match the number of spent 
fuel bundles damaged in a spent fuel pool event at Pilgrim. Spent fuel bundles in seven dry canisters 
would need to be damaged to match the number of fuel bundles damaged in a reactor core event at San 
Onofre Unit 2. 
 
Risk of a dry cask event involving nuclear fuel damage is certainly not zero — but it is considerably 
closer to zero than when the nuclear fuel is in a spent fuel pool or reactor core. 
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Nuclear Fuel in Dry Storage Risk 
A dry canister breach becomes dangerous when it enables spent fuel to heat up and catch on fire and/or 
allows spent fuel to achieve a nuclear chain reaction (i.e., go critical.) Fire or criticality can damage fuel 

rods and propel the radioactivity released from damaged 
fuel rods out the canister’s breach. Malicious action, such as 
using explosive force to rupture a canister, can also damage 
fuel rods and result in significant releases of radioactivity. 
 
For spent fuel inside a breached canister to catch on fire, 
there needs to be sufficient openings (e.g., one large opening 
or multiple smaller openings) for air to feed the fire and for 
smoke to be exhausted. If air cannot enter in sufficient 
amounts, the fire will burn itself out. If smoke is not vented, 
it will smother and extinguish the fire. Sizeable openings 
can serve to prevent a spent fuel fire by essentially 
promoting convective heat transfer by the larger “chimney,” 
thus cooling the spent fuel rods and averting overheating 
damage. 
 
For a nuclear chain reaction to occur inside a breached 
canister, a critical mass must form. Spent fuel assemblies are 

inside the dry storage canister because their reactivity levels have decreased to the point where they are 
only wasting space inside the reactor core. Their reactivity “octane” is certainly lowered, but not to 
benign levels. Nuclear chain reactions within canisters are prevented by geometry (i.e., spacing between 
adjacent assemblies) and anti-criticality measures (i.e., neutron absorbers). A canister is loaded by placing 
it inside the spent fuel pools and transferring one spent fuel assembly at a time into it. The loaded canister 
does not experience a nuclear chain reaction due to the criticality prevention features. Thus, even if a 
breached canister allowed water to enter, the spent fuel inside should not sustain a nuclear chain reaction. 
 
In my opinion, the primary safety hazard of dry storage involves dropping a loaded canister, especially 
while being transported over the edge of a spent fuel pool wall or wall of the opening used to lower the 
canister to ground level. Dropping a canister on the top edge of a wall enables the canister to tilt and fall 
further to impact the floor at a vulnerable angle. While dry canisters have been analyzed for drops, the 
safety margins are minimized, or compromised, when challenged. The drop could dislodge fuel rods, 
defeating the anti-criticality protection from geometry. The drop could breach a canister, providing a 
pathway for release of radioactivity from damaged fuel inside. 
 
The primary security hazard of dry storage involves saboteurs who use force to breach one or more 
canisters in the Independent Spent Fuel Storage Installation (ISFSI).  
 
I believe the security hazard is the larger of these two threats. The Federal Building in Oklahoma City 
was not destroyed because it lacked a chain-link fence around it. Similarly, the World Trade Center 
towers did not fall because they were not surrounded by chain-link fences.  

 
Dry Cask Release Barriers 
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Chain-link fences may adequately protect postal carriers from fierce dogs, but they provide scant 
protection for dry casks from fierce malevolent actors. Perhaps, sadly, the U.S. Nuclear Regulatory 
Commission thinks the only security threat to dry casks in an ISFSI is from fierce dogs. If they are right, 
millions of Americans are adequately protected from the ISFSIs in their communities. If the NRC is 
mistaken, … .  
 
“Who Let the Dogs Out?” must be become “Who Let the Bad Guys In?” That’d be a sad song and even 
sadder moment. 
 
 
 
 


