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The Basics of Nuclear Power Generation

Commercial nuclear power plants produce electricity by heating water to steam and using that steamto
turn a turbine-generator. Thisis the same process used in all steam-driven power systems. Nuclear
reactors are unique inthatthey create heat viaa process known as nuclearfission or the splitting of an
atom into two smaller atoms. Most of today’s commercial power reactors are light waterreactors
(LWRs)" which utilize uranium, specifically the isotope U-235, as a solid fuel which undergoes fission. The
fission process occurs when auranium nucleus absorbs afree neutron of the right energy and splitsinto
two lighter nuclei alongwith afew excess free neutrons. Those free neutrons can cause fissionin other
U-235 nuclei, thereby creating a self-sustaining chain reaction. Nuclear power plants are complex
systems which control the nuclear chain reaction and use the energy released by fission to create
electricity without releasing carbon dioxide to the environment. A good summary of the basics of

nuclear electricity generation is provided by the U.S. Nuclear Regulatory Commission”.

The remnants of the fission process, the so-called fission products, are generally highly unstable and
undergo various atomicprocessesto achieve amore stable state. These atomic processes are termed
radioactive decay, and are what isreferred towhen people use the term radiation. There are several
radioactive decay processes and many forms of radiation. The type of radiation that most commonly
comesfromradioactive decayistermedionizing radiation because it has the ability to “strip” electrons
from atoms, leaving the atom with a positive ioniccharge. lonizing radiation can be harmful to biological
tissue depending on where the radiation is received and the dose rate or how much radiationisreceived
ina given period of time. The radiation from fission products is high during reactor operation and shortly

aftershutdown but decreases with time as the atoms decay to a stable state.

Overview of Nuclear Power Plant Safety Principles

The safety systemsina nuclear power plant are designed to protect the environment, the public, and
plantworkers from the harmful effects of radiation. These systems include the design of the fuel, the
power plant safety systems, and the containment structure® around the reactor. Nuclear power plant

safety follows a defense-in-depth principle, such that multiple systems are designed to provide the same

! Light water is the term used to refer to the water that we all useevery day for cooking, cleaning, and drinking.
Alternatively, heavy water utilizes anisotope of hydrogen that has an extra neutron.

? Availableonlineat http://www.nrc.gov/reading-rm/basic-ref/students/reactors.html

* Some older plantdesigns,such as the RBMK reactor in Chernobyl, did not have a containment structure around
the reactor core.
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basicfunction of containing radioactive material. Each successive level of safety is designed specifically

to deal with a failure in the previous system.

Three primary barriers to fission product release are presentin nuclear power plants: the fuel clad ding”,
the reactor vessel and primary coolant system, and the containment structure around the reactor”. Fuel
isthe firstand foremostbarrier; if fuel rod integrity is maintained, significant amounts of radioactivity
cannot be releasedto the environment. Diverseand redundant engineered safety features also are
incorporated to preventthe failure of these threebarriers. Examples are the reactor protection system,

the emergency core cooling system, and the containment cooling system.

Fuel failure is specifically related to the temperature of the fuel. In general terms, if the fuel cladding can
be keptat a low enough temperature during accidents, fuel integrity will be maintained and the risk of
radioactive releaseis low. Therefore the multiple engineere d safety systems of the power plantare
designedtoremove heat fromthe fuel. Othersafety systems, such as pressure relief valves and
containment cooling, are incorporated to prevent failure of the primary coolant system and the
containment. The redundant safetysystems provide assurance that there are no single pointfailuresin
the plantthat can compromise safety, and the defense-in-depth approachis designed to provide plant

operators time torestore internal cooling systems or provide external coolingtothe plant.

As noted above, the fuel claddingis the first barrierto radioactive material release. Some of the
radioactive elements created in the fission process are gaseous orvolatile and try to escape from the
fuel material. The cladding around the fuel acts as the first level of containment. One consequence of
the radioactive decay of the fission productsis heat generation, so-called decay heat. The amount of
decay heat produced depends primarily on the operating power of the reactor. Decay heat is constantly
generated whilethe reactoris operating and, although decreasing with time, persists long after the
reactor is shut down andthe nuclearchain reaction has stopped. Although the amount of decay heat at

the time the reactor is shutdown®is generally only ~5-7% of the reactor’s normal output, itis a

4 Claddingrefers to the hermetically sealed metal tube that surrounds the fuel material;together the fuel material
andcladdingarereferred to as a fuel rod.

> These three barriers are present whilethe fuel is inthe reactor core. Used (or spent) fuel is removed from the
reactor core and stored in a spent fuel pool.Although the used fuel is less radioactiveand generates less heatthan
the fuel inthe reactor, spent fuel pools lackthe additional barriers afforded by the reactor pressurevessel and the
containment structure. Consequently, for spent fuel, increased importanceis placed on the fuel integrity as a
barrier to radiation release.

® The amount of decay heat decreases to ~ 1% of the reactor’s normal output within one day of shutdown andto ~
0.25% by the end of the first week.



significant energy source and more than capable of heating the fuel and cladding beyond their safety
limits. Therefore some form of cooling the fuel must be maintained so the cladding, the firstl evel of
containment, doesn’tfail due to overheating. This coolingis necessary when the reactoris shutdown
and forseveral years afterthe fuel hasbeen removed fromthe reactorandis storedin the spentfuel

pool.

The claddingin LWRs is a zirconium-based alloy tube that is hermetically sealed around the fuel pellets.
Thereisa region of empty space betweenthe fuel pelletand the innerwall of the cladding, known as
the fuel-clad gap. This gap allows the fuel pellets to swell during reactor operation. Above and below the
stack of fuel pelletsisan empty space known as the plenum. Thisregionis designed to accommodate
the pressuresthatdevelop due to fission product gases that escape the oxide fuel. Inthe eventofa
cladding breach, the fuel-clad gap provides adirect path for fission gasesinthe plenumto escape the
firstlevel of containmentand enterthe reactor’s primary coolant system. This occurs occasionally
during operation of the reactorand does not initself representasignificant radiological threat when
there are a few isolated fuel failures. However, in the event that the cladding of many fuel rods fails, a

large amount of radioactivity can be released into the coolant.

The primary reactor coolantloop is the second level of containment as a fuel failure could resultin the
release of radioactive material to the coolant water. The primary coolant loop is comprised of the
reactor pressure vessel (RPV), piping, pumps and heat exchanger which circulate coolant (i.e. water)
around the fuel. The RPVisa large steel tank, several inches thick, that houses the core of the nuclear
reactor. The RPV and primary coolant system contain the high pressure and high temperature of the

reactor coolant.

The third level of containment is the air-tight containment, arobust, steel-lined and steel-reinforced
concrete structure. The containmentis designed to withstand the high pressures and temperatures that
can develop duringaccident scenarios if the primary coolant system fails and coolant escapes. The
containment provides reactor operators with more time to restore internal cooling systems or provide

external coolingto the reactor.

The myriad safety systemsin nuclear power plants are designed to ensure the integrity and extend the
capabilities of the various containment systems. This is another defense-in-depth feature of all

commercial nuclear power plants. However, no system s failure proof. Nuclear power plant designers



and regulatory agenciesrealize this and have worked extensivelyto show that safety is maintained

during various anticipated operational occurrences’ and design basis accidents®.

New reactor designsincorporate several advanced safety systems that weren’t available when most of
the current plants were built decades ago. These systems are called passive safety systems since they
don’trequire any actions on the part of plant systems (i.e. pumps or electricity) or plant workers to
performtheirfunction. There are several types of passive safety that have been developed and various
new nuclear power plant designsincorporate different systems. Itisimportant to note that although
passive safety systems can provide increased safety orincreased timeto deal with an accident, they do

not mean that an accidentcan never happen.

Safety Attributes of Lightbridge’s Metal Fuel Technology

Lightbridge is developing two types of advanced fuelfor LWRs with improved safety benefits compared
to conventional UO2fuels. The firstfuel is an evolutionary metallicfuel with significantly improved heat
transferand fuel robustness; the secondis a mixed thorium-uranium dioxide fuelwith enhanced
proliferation resistance’. This paperfocuses on the safety attributes of Lightbridge’s metallicfuels. As
described above, amajor purpose of the nuclear power plant safety systemsis to preventthe fuel from
reachinga failure point (i.e. cladding breach) wherein the radioactive material inside can be released to
the environment. There are several mechanisms for cladding breach in conventional UO, fuels and the
primary coolantloop and containment building are designed to retain the radioactive material released
insuch an event, known as the radioactive source term. The radioactive source termis determined by
the type and quantity of radioactive material that isreleased to the environmentandis directly related
to the amount of material that can escape the first level of containment, the fuel cladding. The fuel-clad
gap and fission gas plenum in conventional fuels provide an immediate source of radioactive gases that
can be releasedinthe event of acladding breach. The safety benefits of Lightbridge’s metal fuel
improve the robustness of the first level of containment, the cladding, to prevent orsignificantly

minimize the release of fission products fromthe fuel. The increased safety of Lightbridge’s metal fuel

’ Anticipated operational occurrences (AOOs) are events that are beyond the normal operation of the power plant
but areexpected to occur atleastonce duringthe plant’s lifetime. Plantdesign must prevent fuel failureduring
such events.

8 Design-basisaccidents areevents outside of normal operation and AOOs that the power plantmust be designed
to withstand without losingits safety systems and exposing the public to excessive levels of radiation;for example,
a severe natural disaster or targeted terroristattack.

°A previously published white paper on Lightbridge’s thorium-based fuels is availableon Lightbridge’s website.
http://goo.gl/sNmilc
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technology (MFT) can be attributed primarily to two key features, the increased heat transfer capability

of the fuel and the strong metallurgical bond between the cladding and the fuel material.

Lightbridge’s metal fuel utilizes a unique geometry and fuel composition toincrease the heattransfer
capability of the fuel, which results in lower fuel operating temperatures, and aunique fabrication
processthat eliminates the fuel-cladding gap that existsin conventional fuel. These features are
responsible forthe retention of the gaseous fission products within the fuel material ratherthanina
plenum orgas gap. The metallurgical bond and lower operating temperature are responsible for
reducingthe potential for cladding failure during normal operation and areduced source termin the

eventthata cladding breach should occur.

Improved HeatRemoval

The process of heatremoval from a nuclearfuel rod can be simplified into three steps, 1) heat
generationinthe fuel; 2) heat conduction to the surface of the rod; and 3) convective heattransferto
the coolant (i.e. water) and away from the rod. Heat generation is dependent on the power of the fuel
rod, generally described by linear power density (e.g. kW/ft). As mentioned, heat removaland

maintainingalow fuel temperature are the primary concern of the reactor safety systems.

Lightbridge's MFT has increased heat removal compared to conventional UO, fuels as the metal hasa
much higherthermal conductivity and the bonded claddingis a better conduction pathway thanthe

fuel-clad gap in conventional fuel.

The unique geometry of the MFT decreases the distance the heat has to travel to reach the coolant,
provides approximately 35-40% more surface area for heat transferthan equivalent cylindrical fuel rods,
and increases coolant mixing which reduces the likelihood of localized hot spotsin the fuel during
normal operation. Therefore, heat generatedin Lightbridge’s metal fuel can move through the fuel rod

and be removed by the reactor coolant more efficiently.

During normal reactor operation the increased heat transferallows Lightbridge’s MFT to operate ata
higher power density'® than UO, fuels and at a significantly lower temperature. The average operating
temperature of Lightbridge's MFT operating at 130% of the power density of standard UO, fuel is
approximately 380 °C, compared to approximately 1500 °C for the UO, fuel. The lower fuel operating

temperature provides several benefits to the fuel’s performance during normal operation, such as

10 - .
Power densityis the amount of power generated per unitvolume of nuclear fuel.



markedly decreased fission product mobility and less sensible heat'' that needs to be removed during

reactor shutdown.

The increased thermal conductivity of the MFT isimportant during certain accident scenarios when
providing adequate cooling toremove the decay heat of the fuel becomes a concern. Forinstance, if the
reactor (orspentfuel pool) coolantlevel decreases below the top of the fuel, the increased thermal
conductivity of the MFT can more easily transfer heat to the covered region of the fuel providing more

time before the zirconium cladding overheats.

Metallurgically Bonded Cladding

Fabrication of the MFT resultsina metallurgically bonded fuel and cladding with no gas gap. This
metallurgical bond providesincreased cladding robustness as the cladding benefits from the mechanical
strength of the fuel material and there are no mechanisms for fuel-cladding mechanical interaction that

couldleadto highlocalized strainsin the cladding and the development of potential cladding breach

points.

The cladding of conventional fuelcan fail ifitis overheated orifitis suddenly cooled while overheated.
As mentioned above, the fuel-clad gap and fission gas plenum provide amechanism forimmediate
fission gasrelease inthe event of fuel failure in conventional fuel. This source of radioactivity is
markedly reducedin Lightbridge’s MFT. In the event of a cladding breach the only fission products
available forimmediate release are those that are located near the breach. This reduces the radioactive
source term for cladding breach events both during reactor operation and while the fuelis storedina

spentfuel pool.

Conclusion

The inherent characteristics of the Lightbridge MFT contribute toincreased safety margins during
normal reactor operation and certain off-normal events, such as anticipated operational occurrences
and design basisaccidents. Lightbridge is carrying outa comprehensive fuel qualification program that
includes advanced computer modeling and various fuel demonstration tests and experiments that will

establish direct quantitative benefit of the safety attributes of Lightbridge MFT.

! Sensibleheat is the amount of heat required to change the temperature of a body.
http://en.wikipedia.org/wiki/Sensible_heat
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