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Public Health Risks of
Substituting Mixed-Oxide For
Uranium Fuel in PressurizedWater Reactors
Edwin S. Lymana
The U.S. Department of Energy (DOE) has awarded a contract to the consortium
Duke Cogema Stone and Webster (DCS) to dispose of up to 33 tonnes of excess weapons-grade plutonium (WG-Pu) by irradiating it in the form of mixed-oxide (MOX) fuel
in four U.S. commercial pressurized-water reactors (PWRs). This paper estimates the
increase in risk to the public from using WG-MOX at these reactors and finds that it
exceeds recently established Nuclear Regulatory Commission (NRC) guidelines.
Therefore, the NRC will have a technical basis for prohibiting the use of MOX at these
reactors unless the risk that they will experience a severe accident can be significantly
reduced.
MOX fuel will displace a fraction of the low-enriched uranium (LEU) fuel that
these reactors currently use. Because MOX cores have greater quantities of plutonium
and other actinides than LEU cores throughout the operating cycle, the source term for
radiological releases caused by severe reactor accidents will be greater for MOX-fueled
PWRs. In this paper, the radiological consequences to the public from containment
failure or bypass accidents at MOX-fueled PWRs are calculated, and compared to those
resulting from the same accidents at LEU-fueled PWRs.
This paper finds that compared to LEU cores, the number of latent cancer fatalities (LCFs) resulting from an accident with core melt and early containment failure
would be higher by 39%, 81% or 131% for full WG-MOX cores, depending on the fraction of actinides released (0.3%, 1.5% or 6%). Under the DCS plan, in which WG-Pu
will be purified using an aqueous process and only 40% of the core will be loaded with
WG-MOX, the number of LCFs would be 11%, 25% or 30% higher, respectively. The
average LCF risk to individuals within ten miles of a severe accident approximately
doubles for a full WG-MOX core, and increases by 26% for a DCS core.
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These results are of particular concern for the nuclear plants in the DCS consortium, Catawba and McGuire. These plants have ice-condenser containments, which
Sandia National Laboratories estimates are at least two orders of magnitude more vulnerable to early failure than other types of PWR containments.
The findings of this paper also apply to the proposed use of WG-MOX in VVER1000 reactors in Russia, which meet less stringent safety standards than U.S. reactors.

INTRODUCTION
Plutonium Disposition
In January 1997, the U.S. Department of Energy (DOE) decided to pursue a
“dual track” policy for disposing of approximately 50 tonnes of plutonium produced for weapons programs that have been declared excess to military needs.
The two tracks refer to different approaches for converting separated plutonium into a dilute and highly radioactive form that is more difficult to return
to weapons.
Under one approach, known as “can-in-canister” immobilization (CIC),
plutonium will be incorporated into chemically stable ceramic discs. These
discs will in turn be embedded in canisters of “vitrified” (glassified) high-level
radioactive waste (VHLW) at the Defense Waste Processing Facility (DWPF)
at the Savannah River Site (SRS) in South Carolina. DOE is planning to use
CIC for approximately 17 tonnes of excess plutonium in impure forms. The
CIC facility will be sited at SRS adjacent to the DWPF.
Under the other approach, plutonium will be used to produce “mixed plutonium-uranium oxide” (MOX) fuel assemblies, which will be irradiated in a
number of U.S. commercial light-water nuclear reactors (LWRs), displacing
some or all of the low-enriched uranium oxide (LEU) fuel the reactors currently use. DOE is planning to utilize this option for 25.6 tonnes of weaponsgrade plutonium (WG-Pu).
Both processes are regarded by most experts as roughly comparable in
their ability to render the plutonium as inaccessible as the plutonium in commercial spent nuclear fuel, thereby meeting the “spent fuel standard” defined
by the National Academy of Sciences (NAS).1 However, DOE decided to pursue
both tracks for a number of reasons, one being the desirability of having a
backup strategy in case one approach did not succeed.
In 1998, DOE issued a Request for Proposals, seeking vendors interested
in providing MOX fuel fabrication and irradiation services. Of the three proposals submitted, two were quickly eliminated for failing to meet basic
requirements. In March 1999, DOE signed a contract with the third party, a
consortium called Duke Cogema Stone & Webster (DCS), which included the
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U.S. utilities Duke Power and Virginia Power, the French national fuel cycle
company Cogema, and the Stone & Webster architect-engineering firm.2
According to the contract, DCS will design, build and operate a MOX fuel
fabrication plant at SRS. MOX fuel will then be irradiated in six pressurizedwater reactors (PWRs) at three sites --- Virginia Power's North Anna plant,
located about 70 miles from Washington, DC, and Duke Power's McGuire and
Catawba plants, both situated within twenty miles of downtown Charlotte,
North Carolina. In January 2000, DOE confirmed this plan in its Record of
Decision (ROD) on the Surplus Plutonium Disposition Final Environmental
Impact Statement. However, in April 2000, Virginia Power withdrew from the
consortium, leaving only four reactors in the MOX program.
Use of MOX fuel on a large scale will be a novel practice for a U.S. nuclear
utility. Although some countries in Europe have begun using MOX fuel on a
limited basis in LWRs, U.S. utilities have not followed suit. This is a result
both of the U.S. non-proliferation policy adopted in the late 1970s (and reaffirmed by the Clinton Administration) which led to moratoria on commercial
spent fuel reprocessing and MOX recycling, and by the poor economics of MOX
fuel, which is several times more expensive than LEU.

Environmental Impacts of MOX Use
The immobilization and MOX approaches, which both require large-scale handling and processing of plutonium, will be expensive and will pose risks to
human health and the environment. However, these risks are likely to be
small in comparison to those that were encountered when the material was
produced.
Many arms-control advocates believe that the costs of plutonium disposition are justified by the security benefits. Some observers have argued further
that differences in cost and risk between the two disposition tracks are not
important considerations,3 a view that does not take into account fiscal and
political constraints. Cold War-sized budgets are not being made available for
disarmament activities, and the plutonium disposition program is under pressure to minimize costs. Also, many environmental groups and citizens' groups
near affected sites oppose disposition activities unless they have low environmental and public health impacts.
Cost and public health impact were indeed major considerations in the
process DOE used to select MOX and immobilization from the large number of
disposition options that were initially proposed. In deciding on the dual track
policy, DOE argued that there were no significant differences between the
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MOX and immobilization options with regard to these criteria. However, its
analysis of this issue was inadequate.
To accurately compare the environmental impacts of the two disposition
approaches, one must determine the increase in risk associated with modifying existing processes to accommodate plutonium disposition. The MOX
approach consists of several stages, each of which can have a significant environmental and public health impact. A plant for fabrication of MOX fuel will
be built and operated, and the fuel will be shipped to reactor sites and irradiated. Afterward, the spent MOX fuel will have to be stored on site until a geologic repository becomes available.
By comparison, the environmental impacts of CIC immobilization result
primarily from operation of the ceramic immobilization plant. This plant will
be similar to the MOX fabrication plant in many ways, and it will have similar
(if not lower) impacts. Moreover, the CIC process is being designed and tested
to ensure that there is no impact on the safe operation of the DWPF, and preliminary results have been encouraging.4 The risks associated with MOX
transportation to reactor sites and irradiation are not encountered in the CIC
process. Thus, a comparative analysis of the two options will not be complete
without an assessment of the risks of MOX irradiation.

MOX Use and Severe Accident Risk
Probabilistic Risk Assessment
The tools of probabilistic risk assessment (PRA) can be used to estimate the
risk to the public from the operation of nuclear power plants with WG-MOX
fuel. PRA consists of three steps:5
♦

1. Identification and delineation of the combinations of events that, if
they occur, could lead to an accident (or other undesired event);

♦

2. Estimation of the chance of occurrence for each combination; and

♦

3. Estimation of the consequences associated with each combination.

Total risk is then defined as the product of the probability and the consequences of each combination, summed over all combinations.
PRAs are carried out in three stages. A Level 1 PRA identifies all
sequences of events that could result in core damage and estimates their frequencies of occurrence. Summing the frequencies of these events yields the
core damage frequency (CDF), the average annual probability that core dam-

Public Health Risks of Substituting Mixed-Oxide for Uranium Fuel

age will occur. A Level 2 PRA evaluates containment performance for each
accident sequence that leads to core damage, and calculates the radiological
release for each sequence in which containment is compromised. A Level 3
PRA estimates the consequences (i.e. prompt fatalities and latent cancer fatalities among the public) of the sequences involving radiological releases, and
combines all elements into a measure of the total risk to the public. Level 3
PRA analysis uses computer codes that model radionuclide dispersal and radiation exposure of the population. These calculations require as input radionuclide release fractions obtained from Level 2 PRA, which are highly uncertain
in some cases.
PRAs are huge, complex calculations and their results contain large
uncertainties. Therefore, they are more useful for ranking the relative risk
significance of different events than for providing meaningful values of absolute risk. Consequently, the U.S. Nuclear Regulatory Commission (NRC) has
been slow to incorporate PRA-based analysis into its regulations, although it
has recently adopted a policy to increase use of PRA (see below).
At the request of the NRC, all U.S. nuclear plants conducted Level 1 and 2
PRAs for “internal events” for the Individual Plant Examination (IPE) program.6 Subsequently, “external” events (seismic, tornado and fire risks) were
analyzed for the Individual Plant Examination of External Events (IPEEE).
While the NRC collected and analyzed the IPE results, it did not peer-review
or endorse them.7 In fact, because the methodology and assumptions varied
widely from plant to plant, the overall results were inconsistent in important
respects. In the future, PRAs used in licensing will have to conform to qualitycontrol and peer-review standards now under development.
Most plants have not completed credible Level 3 PRAs. The NRC itself
conducted peer-reviewed Level 3 PRAs for five U.S. nuclear plants and presented the results in the 1990 report NUREG-1150.8
It will not be a simple undertaking to conduct PRAs for MOX-fueled
LWRs. In general, the substitution of WG-MOX for LEU fuel will affect both
the probability of occurrence and the consequences of each reactor accident
sequence, requiring extensive modification of LEU-based PRAs. The difficulty
will be compounded by the relative lack of experience with the use of WGMOX fuel and the absence of data on many technical aspects of MOX use.
The task can be simplified by focusing on the reactor accidents that are
the largest contributors to the overall risk to the public: the “beyond-designbasis” or “severe” accidents that involve extensive core damage and failure (or
bypass) of the reactor containment. An important subset of severe accidents
are those that result in large radiological releases before the local population
has evacuated, increasing the chances for early health effects. If the use of
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MOX fuel were to result in an increase in the consequences and/or probabilities of these accidents, then the total risk to the public would increase by a
similar percentage.
The most difficult part of this assessment is the calculation of the probabilities of severe accidents at MOX-fueled plants. To do this accurately, the
computer codes used by U.S. utilities and the NRC to analyze accidents will
have to be modified to incorporate WG-MOX-specific parameters.9 Some of
these parameters have not been fully benchmarked even for RG-MOX fuel, for
which there is considerably more experimental data. Nonetheless, the NRC
has stated that the use of MOX “will not have a big effect on accident progression” and consequently that “it appears likely that the probability of severe
accidents will not change.”10 Consistent with this assessment, this paper
assumes that severe accident probabilities are the same for LEU and MOX
cores.
In contrast, assessing the consequences of severe accidents at MOX-fueled
plants is straightforward, especially under the assumption that MOX and
LEU fuel rods behave similarly under severe accident conditions.11 In that
case, the radionuclide release fractions (the fractions of the reactor core radionuclide inventories that are released during an accident) are the same for
both types of fuel, and the differences in consequences are due entirely to their
different radionuclide inventories.
By assuming that severe accident probabilities and radionuclide release
fractions are the same for both LEU and MOX cores, risk calculations are simplified. Level 2 PRA results for LEU cores can be adjusted for MOX cores by
using the appropriate radionuclide inventories. This is the approach used
here.
However, there are technical aspects of the use of MOX fuel that can affect
the validity of these two assumptions. This issue is discussed in more detail
below.

Impact of MOX Fuel on Accident Consequences
Throughout the operating cycle, MOX cores have larger inventories than LEU
cores of most transuranic (TRU) radionuclides, including plutonium-239 (Pu239), americium-241 (Am-241) and curium-242 (Cm-242). Since many of
these radionuclides are long-lived alpha-emitters, with relatively high
radiotoxicities if inhaled or ingested, small releases during an accident can
contribute significantly to public radiation exposure.
Inventories of fission products are also different in LEU and MOX cores,
because U-235 and Pu-239 have slightly different fission product spectra.
Also, at least one TRU isotope, Np-239 (a beta-emitter), has a lower inventory
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in a MOX core. However, the results presented below indicate that these differences are less significant for risk than the increase in alpha-emitters.12
DOE's February 1996 Storage and Disposition of Weapons-Usable Fissile
Materials Draft Environmental Impact Statement (DPEIS) did not analyze
the environmental impacts of accidents at MOX-fueled LWRs, but analyzed an
LEU-fueled LWR instead. DOE justified this by claiming that
“...studies ... indicate that the use of MOX fuel in a ... LWR does not
increase the risk and consequences of accidents. This results from the fact
that the other radioisotopes that are released in an accident have more serious impacts on human health than the Pu used in the MOX fuel.”13
This is based on the assumption that the consequences of reactor accidents are dominated by releases of the more volatile fission products, such as
iodine-131 (I-131) and cesium-137 (Cs-137), while plutonium and other
actinides, which typically have very low vapor pressures (are “low-volatile”),
would not be released to the environment in significant quantities.
However, DOE's statement is not consistent with the current state of
understanding of severe accidents. Although most actinides are low-volatile
and are not easily released from molten fuel, significant actinide releases into
the environment can occur during certain accidents. Although these accidents
are expected to occur very infrequently, there are both historical precedents
and regulatory requirements for considering them in safety analyses.
The Chernobyl accident has demonstrated that significant and wide-ranging dispersal of low-volatile radionuclides is possible. A recent review of the
Chernobyl source term has concluded that the release fraction for actinides
was approximately 3.5%. Moreover, dispersal of these relatively heavy aerosols was not limited to the immediate vicinity of the plant; fuel fragments
were discovered as far away as Greece and Germany, over one thousand kilometers away.14
One often hears the claim that a Chernobyl-type accident cannot happen
in the West because Western reactors have robust containment structures,
and the particular accident sequence that occurred was specific to Chernobyltype (RBMK) reactors. However, while the presence of a containment dome at
Western reactors reduces the risk of such accidents, it does not eliminate it
entirely. Analysts have identified hypothetical accident sequences at U.S.
LWRs which can lead to energetic mechanical dispersal of the fuel, catastrophic failure or bypass of the containment and significant releases of lowvolatile core fragments in the form of aerosols.
Uncertainties in the low-volatile release fractions predicted to result from
severe core damage range over several orders of magnitude. The NRC estimates that low-volatile releases as high as several percent of the core inven-
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tory can occur, and uses this information in its risk studies.15
One mechanism for core dispersal and early containment failure at PWRs
is known as high-pressure melt ejection (HMPE), in which the reactor vessel
fails at high pressure after a core melt. The molten fuel is then dispersed into
the containment in a shower of fragments, resulting in direct containment
heating (DCH), a very high rate of heat transfer to the containment atmosphere. The resulting rapid pressurization of the containment can cause it to
fail. A phenomenon of even greater concern is the buildup of hydrogen from
the reaction of zirconium cladding and water, which can also lead to an explosion capable of fragmenting fuel and breaching the containment.
The Nuclear Control Institute (NCI) cited these issues in its comments on
the DPEIS, and DOE subsequently revised its analysis. The December 1996
Final Programmatic Environmental Impact Statement (FPEIS) estimated
that using a full core of MOX in an existing LWR would change the number of
latent cancer fatalities (LCFs) resulting from a severe accident by +8% to -7%:
in other words, the number of LCFs could actually decrease as a result of
switching to MOX fuel. However, DOE's calculation contained a number of
flaws which cast doubt on its accuracy.16 For this reason, NCI undertook the
present study.17
This paper finds, contrary to DOE's assertions, that there are significant
public health risks associated with the MOX approach. This is due primarily
to the finding that the consequences of severe accidents at MOX-fueled LWRs
will be greater than those at LEU-fueled LWRs, as a result of the larger inventories of plutonium and other actinides in MOX cores.
The risk of containment failure and energetic fuel dispersal is of particular concern for the reactors that have been selected for the U.S. MOX program.
All four reactors have ice-condenser containments, which are considerably
smaller and weaker than the large dry containments present at most U.S.
PWRs. A recent study, conducted for the NRC by Sandia National Laboratories (SNL), concluded that “ice condenser plants are at least two orders of
magnitude more vulnerable to early containment failure than other types of
PWRs.”18 The study cites the McGuire plant in particular as having an unacceptably high probability of containment failure. Commenting on this finding,
Dana Powers, Chairman of the NRC Advisory Committee on Reactor Safeguards (ACRS), said that the selection of McGuire for MOX irradiation was
“maybe a suboptimal choice.”19
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Impact of MOX Fuel on Accident Probabilities
The risk analysis in this paper assumes that the use of MOX fuel will not
affect the probability that a severe accident will occur. While this assumption
is reasonable as a first approximation, there are a number of differences in the
neutronic and thermomechanical properties of the two types of fuel that could
affect the outcome of accident precursors. Not all of the negative impacts of
MOX fuel use can be mitigated by modifications to the core design. The question of whether the remaining differences will have a significant effect on the
likelihood of a severe accident remains open and will likely require considerable experimental and analytical work to resolve.
Pu-239 has higher thermal absorption and fission cross-sections than U235, resulting in a less thermal neutron spectrum in MOX cores. Compared to
an LEU core, a WG-MOX core will have20
♦

a more negative moderator temperature coefficient

♦

a generally more negative Doppler coefficient

♦

reduced delayed neutron fraction and prompt neutron lifetime

♦

reduced individual control rod worth

♦

reduced boron worth

♦

increased local power peaking factors

♦

higher centerline fuel temperatures

To permit the use of full-core MOX, while preserving margins of safety
such as the shutdown margin,21 modifications must be made to the reactor
core, such as an increase in the number and/or quality of rod cluster control
assemblies (RCCAs). For cores with a MOX loading no greater than 33%,
additional control rods may not be absolutely necessary if one is willing to
accept a large reduction in the shutdown margin. Although DCS has found
that the shutdown margin is minimal for a 40% MOX loading, it has stated
that it does not intend to install additional control rods in McGuire and Catawba, although it may change the type of control rod material used in
McGuire. In contrast, PWRs in France that use 30% MOX cores have four
additional RCCAs installed.
MOX cores also require a greater concentration of the neutron-absorbing
isotope B-10 in the coolant, which can be accomplished by increasing the boric
acid concentration or by using boron that has been enriched in B-10. Because
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there is a limit on the amount of boric acid that can be added to the coolant
without causing problems during operation, DCS has said that it is considering the use of enriched boron.22
Power peaking, caused by the large differences in flux between adjacent
MOX and LEU assemblies, also must be taken into account in partial MOX
core design. This requires use of zoned fuel assemblies containing fuel pins
with several different plutonium enrichment levels, as well as careful placement of MOX assemblies in the core. Even with these modifications, power
peaking still can occur due to the heterogeneous distribution of plutonium
within the MOX fuel pellets. (Variations in isotopic content can also result in
significant power peaking, although this is more of a concern with RG-Pu.)
Another property of MOX fuel that could affect radionuclide release during accidents is the “inferior physical behavior of MOX pellets to that of UO2
pellets” due to “higher temperature and greater fission gas release,” especially
at burnups greater than 35 GWD/t.23 The heterogeneous microstructure of
MOX fuel (resulting from the presence of plutonium clusters) results in the
appearance of “hot spots” of very high local burnup, in which high concentrations of fission gas accumulate.24 During reactivity insertion accidents (RIAs),
this gas can be released suddenly, causing fuel rod cladding failure and fuel
pellet fragmentation. This problem is exacerbated by the fact that MOX fuel
has a lower thermal conductivity and a higher centerline temperature than
LEU fuel.
Based on the results of a series of RIA tests at the Cabri reactor in France,
French regulators have concluded that “MOX fuel shows a higher failure
potential than UO2 at comparable burnup”25 and that there is a “very high
potential for rupture” of MOX fuel during RIAs.26 In one experiment, a MOX
fuel rod segment with a burnup of 55 GWD/t (which is typical of burnups
attained in U.S. PWRs today) experienced a violent rupture and dispersal of
fuel particles at a peak enthalpy of 120 cal/g, while an LEU rod of comparable
burnup was able to withstand a similar peak enthalpy without rupture.
Although some high-burnup, highly corroded LEU rods also failed during the
test series, researchers concluded that the failure of the MOX rod was unique
because it did not have a heavily corroded cladding.
Unresolved safety questions of MOX fuel performance have led French
regulatory authorities to restrict the irradiation time of MOX fuel assemblies
to three annual cycles, or an assembly-averaged burnup of 41 GWD/t, whereas
the LEU limit is 52 GWD/t. As a result, French plants with partial MOX cores
continue to operate on annual cycles while other plants have been able to
switch to 18-month cycles, which lowers their costs by reducing the frequency
of refueling outages. Even at lower burnups, however, the Cabri test series
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found that fission gas release in MOX fuel was significantly higher than in
LEU fuel.
More evidence of problems with MOX fuel has surfaced at another fuel
test facility in France known as VERCORS, where it was observed that during
the early stages of core degradation, “releases of volatile radionuclides from
MOX are more extensive than from conventional fuels at similar levels of burnup” which is “consistent with the peculiar nature of porosity that develops in
MOX during burnup.”27 In particular, in a test in which spent fuel was held at
a temperature of 1780 K for one hour, the cesium release fraction for a MOX
fuel rod with a burnup of 41 GWD/t was 58%, compared to only 18% for an
LEU rod with a burnup of 47 GWD/t.28
The Cabri tests suggest that the probability that an RIA will cause significant fuel damage and progress to a severe accident may be greater when
MOX fuel is in the core. Therefore, the probabilities of some severe accidents
may increase when MOX is substituted for LEU in PWRs, unless strict burnup limits are imposed on MOX assemblies.
The VERCORS experiments suggest that MOX radionuclide release fractions may need be changed to take into account the greater observed releases
of volatile radionuclides. This would result in more severe consequences of
MOX-fueled accidents than are estimated in this paper.
DCS has stated that initially it plans to irradiate MOX fuel for only two
18-month cycles, with limits on assembly-averaged and peak rod burnups of
45 GWD/t and 50 GWD/t, respectively.29 However, peak pellet burnups in this
case will exceed 55 GWD/t, the region of concern identified in the Cabri test.
In fact, the MOX rod that failed during the Cabri test was taken from a fuel
assembly with an average burnup of 46 GWD/t. Moreover, DCS has said that
it intends to eventually irradiate MOX for three 18-month cycles, which would
require raising the MOX peak rod burnup to over 60 GWD/t, well outside of
the current experimental database.

Nuclear Regulatory Issues
In order to obtain regulatory approval for using MOX fuel, DCS will have to
apply to the NRC for amendments to its reactor operating licenses. A detailed
understanding of the increased risks associated with MOX fuel will be important for the license amendment process.
This paper proposes an approach for judging the safety of MOX use in
LWRs according to the “risk-informed” regulatory procedures now being
adopted by the NRC.30 In July 1998, the NRC issued Regulatory Guide (RG)
1.174, which is one of the first systematic applications of PRA in its regulations.31 RG 1.174 provides a methodology for ranking proposed changes to a
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nuclear plant according to their risk significance. Changes which are determined (by PRA methods) to substantially increase risk to the public will be
subject to greater regulatory attention by the NRC. Notably, RG 1.174 defines
an upper limit for acceptable levels of risk increase.
In January 2000 the Commission granted NRC staff the authority (in special cases) to use risk-informed analysis, such as RG 1.174 guidelines, in its
reviews of license amendment requests.32 If the NRC determines that a proposed license amendment would result in an unacceptable increase in the risk
of a severe accident, it will be able to reject the request or attach significant
conditions to its approval, even if the request satisfies all regulatory requirements.
RG 1.174 can be used to evaluate the regulatory implications of the
increased risk associated with use of MOX fuel. The calculations presented in
this paper indicate that the DCS MOX plan is likely to cause an increase in
risk to the public that will exceed the upper limit specified in RG 1.174. This
should provide a basis for the NRC, in the course of MOX license amendment
reviews, to require a comprehensive analysis of the severe accident risk to the
public from the use of MOX fuel. To fulfill this requirement, DCS will have to
conduct MOX-specific Level 3 PRAs for Catawba and McGuire, subject to rigorous standards of quality control and peer review. If the magnitude of the
risk increase estimated below is confirmed by this analysis, the NRC will have
justification to require significant modifications to, or even reject, the DCS
MOX license amendment requests.

Calculation of MOX Severe Accident Consequences
Core Inventories
This paper adopts a standard approach, using the SAS2H/ORIGEN-S computer code, to calculate LEU and WG-MOX core radionuclide inventories at
the end (EOC) and beginning (BOC) of an equilibrium cycle. SAS2H/ORIGEN-S is a module of the Oak Ridge National Laboratory (ORNL) SCALE 4.3
code which generates burnup-dependent cross sections and simulates fuel
irradiation.33
Three cases were analyzed. The first is based on DOE's Surplus Plutonium Disposition Draft EIS (DEIS), which assumed use of a dry process for
converting plutonium pits to oxide and full MOX reactor core loadings.34 The
full MOX core design was adapted from a 1996 Westinghouse report written
under contract for DOE, which NCI acquired under the Freedom of Informa-
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tion Act (FOIA).35 DOE commissioned Westinghouse to design MOX cores that
were compatible with current PWR operating cycles. Accordingly, the core
management strategy assumes a typical 18-month cycle with three-batch
reloading, using Westinghouse VANTAGE-5 fuel.36
The second case is based on the core design proposed by DCS in March
1999 after it was awarded the MOX contract.37 The DCS plan uses reactor
cores loaded with 40% MOX, as well as solvent extraction (“polishing”) to
remove gallium (a metal used to stabilize the crystalline structure of plutonium in nuclear weapons) and other impurities from the WG-Pu oxide
received from DOE.38 (DOE initially had assumed that aqueous purification
would not be necessary.)
Finally, although not directly applicable to the WG-Pu disposition program, the inventory of a typical reactor-grade (RG) MOX core was calculated.
Given the greater quantities of actinides like Am-241 and Cm-242 in irradiated RG-MOX fuel, as well as the higher plutonium loadings necessary to
achieve adequate reactivity, one would expect the consequences of severe accidents at PWRs using RG-MOX to be even more severe than at those using
WG-MOX.
Table 1 lists the core design parameters used for the three cases. The
specifications were based on the Final Safety Analysis Report (FSAR) of a typical four-loop Westinghouse PWR,39 with appropriate modifications for the
MOX core drawn from the Westinghouse report cited previously.40 Although
the Westinghouse report does not provide designs for partial MOX cores at
equilibrium, the DCS core inventories could be derived from full-core results.
The cycle lengths were adjusted in both cases to achieve an average discharge
burnup of 44 GWD/t.41 Most of the DEIS parameters were unchanged in the
DCS case.42
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Table 1: LEU and WG-MOX Core Characteristics
Design Parameter

LEU

DEIS/DCS WG-MOX

Number of feed assemblies

88

92

Total number of assemblies

193

193

Feed Loading (tHM)

37.2

38.9

Core total loading (tHM)

81.6

81.7

4.25 (U-235)
0

4.54/4.43 (WG-Pu+Am241)
1.16/0.46

44,080

44,080

20,100

21,010

Cycle length (effective full-power days)

460

481

Outage length (days)

40

40

Core power (MWth)

3565

3565

Soluble boron B-10 content (a/o)

19.8

40

Mid-cycle boron concentration (ppm)

1100

550

Average feed enrichment (w/o)
Total Pu used per year (t)
Average discharge burnup
(MWD/THM)
Cycle length (MWD/THM)

Table 2 specifies the isotopic compositions of the fresh fuel assemblies.
The WG-Pu isotopic compositions were derived from the reference composition
in the DOE DEIS.43 In the DCS case, the calculation assumes that three years
will elapse between the Pu polishing step and the loading of the MOX fuel into
the reactor. Immediately after polishing, the concentration of Am-241 will be
reduced from about 0.8 weight-percent to a few parts per million. However, it
then will steadily increase as a result of Pu-241 decay.
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Table 2: Initial Isotopic Composition of Fuel
LEU

WG-MOX
(DEIS/DCS)

RG-MOX

0.04
4.25
0.01
95.7

0.002
0.2
0.001
99.797

0.002
0.2
0.001
99.797

Pu-238
Pu-239
Pu-240
Pu-241
Pu-242

------

0.04/0.04
92.37/93.08
6.49/6.54
0.24/0.21
0.1/0.1

2.3
56.2
24.2
9.0
6.9

Am-241

--

0.76/0.03

1.4

Uranium composition (w/o)
U-234
U-235
U-236
U-238
Plutonium composition (w/o)

Table 2 also displays the composition of the RG-Pu used in the RG-MOX
calculation, which assumes that the RG-Pu is obtained from LEU spent fuel
irradiated to a burnup of 44 GWD/t and cooled for nine years before reprocessing, and the RG-MOX fuel is stored for three years before being loaded in the
reactor, the assumptions used by the French utility Electricité de France
(EDF).
Other details needed for the calculation are provided in Tables A.1 and A.2
of Appendix A.
Results
The inventories of Pu and other actinides in MOX cores are functions of the
isotopic content of the Pu in the fresh fuel, the initial Pu core loading and the
irradiation time. At EOC, the DEIS core contains, compared to the LEU core,
quantities of Pu-239, Am-241 and Cm-242 that are greater by factors of 3, 7
and 7, respectively. At BOC, these factors are 11, 22 and 13.
In the DCS core at EOC, with a smaller MOX core fraction and lower initial Am-241 content, the inventories of most transuranics will be about 2
times greater than those in the LEU core.44
Results of the calculation for fifty-eight radionuclides are presented in
Tables A.3-A.5 of Appendix A.
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Consequence Assessment
Using the core radionuclide inventories tabulated in Appendix A, one can calculate the radiological consequences of severe accidents. The NRC-approved
MACCS2 code45 was used to estimate the consequences of three severe accidents for LEU, DEIS and DCS cores. A representative four-loop PWR with an
ice-condenser containment was chosen for analysis.
The indicators used to measure accident consequences are (1) the total
number of expected latent cancer fatalities (LCFs) among the population
within a thousand miles of the plant, (2) the total number of prompt fatalities
(PFs) caused by acute radiation exposure, and (3) the average LCF risk to an
individual within ten miles of the plant.46 The calculation only considered
radiation exposures received during a one-week emergency phase following
the accident.
The MACCS2 database was updated by replacing the outdated dose conversion factors in the model by the most recent compilation of the International Commission on Radiological Protection (ICRP), ICRP Publication 72.47
These factors are based on a revised model of the human respiratory tract
which reduces the dose from inhalation of actinides.48 However, other internal
features of the MACCS2 code may result in underestimates of the radiological
risk associated with exposure to alpha-emitters.49
In the calculations, generic parameters were used for population and
atmospheric data.50 Since the quantities of most interest are the ratios of
results for WG-MOX and LEU cores, more detailed site characterization was
not necessary. While the absolute values of the accident consequences depend
strongly on these parameters, the consequence ratios do not. Varying these
parameters had only a small effect (less than 10%) on consequence ratios.
Severe accident source terms
The MACCS2 code requires as input a source term, the specific radionuclide
release that occurs during an accident. The source term is usually expressed
as a set of release fractions --- the fraction of the core inventory of each radionuclide that is released to the environment. The timing and magnitude of
the release of a particular radionuclide from failed fuel rods is determined
by the plant conditions associated with each accident sequence and the thermochemical properties of the radionuclide.
Volatile and semi-volatile radionuclides, such as the noble gases,
iodine, tellurium and cesium, are usually released from melted fuel in the
form of gases or very fine aerosols that can easily escape into the environment through a breach in the containment. In contrast, most actinide metals and oxides have extremely high melting and boiling points, and will be
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released in large quantities only if a violent explosion causes mechanical dispersal of the molten uranium oxide core. Nevertheless, mechanical dispersal
of fuel is possible during severe accidents.
To simplify the analysis of accident consequences, radionuclides with similar thermochemical properties are grouped together in a release class. All
members of a release class are assumed to behave identically during the
course of an accident. Pu is assigned to the cerium (Ce) group and Np, Am and
Cm are assigned to the lanthanum (La) group.51
Table 3 displays a set of simplified severe accident source terms which
were derived from the NRC's PRA for the Sequoyah plant.52 Sequoyah, a fourloop Westinghouse PWR with an ice condenser containment, is very similar to
the DCS Catawba and McGuire plants. The Sequoyah analysis was used
because peer-reviewed PRAs for Catawba and McGuire are not publicly available.53
Table 3: Source Terms For Consequence Calculations
Source
term

Time of Release Radionuclide release fractions
Release duration
(h)
(s)
Kr
I
Cs
Te
Sr
Ru

La

Ce

ST-1
5.5
(f1=2.8E-7) 6.0

200
7200

1
0

0.37
0.22

0.27
0.35

0.13
0.30

0.025 8E-3
0.13 3E-3

1.6E-3 8E-3
0.013 0.018

ST-2
6.0
(f2=3.6-E6) 6.06

200
7200

1
0

0.05
0.13

0.04
0.15

0.02
0.11

4E-3 1E-3
0.045 1E-3

2E-4
5E-3

1E-3
6E-3

ST-3
1.0
(f3=3.1E-6) 1.5

1800
7200

1
0

0.075 0.06
0.04 0.06

0.02
0.05

5E-3
0.02

3E-4
3E-3

1E-3
3E-3

1E-3
6E-4

These source terms are associated with the three different plant (core and
containment) damage states that contribute to the risk of large early releases.
Each one corresponds to a severe accident that results in loss of core cooling,
core melt, breach of the pressure vessel and radiological release to the environment. Each source term comprises two plumes, the first consisting of a
short duration pulse corresponding to breach (or bypass) of the containment
and the second, longer pulse corresponding to subsequent releases from coreconcrete interactions.
The three events are distinguished by the timing and mode of radionuclide
release to the environment. ST-1 and ST-2 are representative of “very early”
and “early” containment failures, occurring prior to and concurrent with
breach of the pressure vessel, respectively. ST-3 is a containment bypass
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event, in which release to the environment occurs through breach of a steam
generator or another barrier between the primary coolant system and systems
outside of containment. The probability of very early containment failure (ST1) is associated with hydrogen combustion, and for PWRs it is thought to be
significant only for ice-condenser containments.
The sum of the frequencies of all the accidents corresponding to each
source term in Table 3 equals the frequency of occurrence f, which is the
expected probability per year of an accident resulting in the specified radionuclide release. (These values take into account “internal initiating events” only
--- that is, they do not consider the possibility of earthquakes, floods, high
winds or fires.)
The three source terms in Table 3 account for all severe accidents that are
associated with a significant risk of PFs and LCFs (from early exposures).
The sum of their frequencies equals the “large early release frequency”
(LERF), which is defined in NRC RG 1.174 as “the frequency of those accidents leading to significant, unmitigated releases from containment in a time
frame prior to effective evacuation of the close-in population such that there is
a potential for early health effects.”
All other accidents fall into two other plant damage states: either “late”
containment failure (twenty-four hours after the start of the accident), or no
containment failure. Neither of these has the potential for causing early fatalities; they therefore do not contribute to the LERF. Moreover, their contribution to the overall risk to the public of latent cancer fatalities is negligible
compared to early containment failure or bypass accidents. The only exception is for late containment failure, in the unlikely event that a significant
fraction of the nearby population had not been evacuated a full day after the
start of the accident.
Results
Results of the MACCS 2 calculations show that higher transuranic inventories in MOX cores lead to increased severe accident consequences.54 Table 4
presents the results obtained by averaging the LCFs caused by severe accidents at EOC and BOC. The cycle-averaged number of LCFs is 81% to 96%
greater for a DEIS core (corresponding to 1,440 to 6,165 additional LCFs), and
20% to 25% greater for a DCS core (corresponding to 350 to 1,855 additional
LCFs). The EOC and BOC results can be found in Tables B.1 and B.2 of
Appendix B.
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Table 4: Consequences of severe reactor accidents (cycle average).
LEU
Source term:

WG-MOX

WG-MOX/LEU Ratio

DEIS core

DCS core DEIS core

DCS core

ST-1
Latent cancer fatalities
Prompt fatalities

7,565
62

13,730
88

9,420
64

1.81
1.42

1.25
1.03

ST-2
Latent cancer fatalities
Prompt fatalities

2,515
20

4,920
28

3,080
21

1.96
1.40

1.22
1.05

ST-3
Latent cancer fatalities
Prompt fatalities

1,735
33

3,175
28

2,085
29

1.83
0.85

1.20
0.88

The fractional increase in LCFs is approximately four times smaller for
the DCS core than for the DEIS core, reflecting both the reduced MOX core
loading and the effect of Am-241 removal from Pu polishing.55 For a fixed core
loading, removal of Am-241 reduces the number of LCFs by about 10%.
Smaller increases (around 40% for the DEIS core and 5% for the DCS
core) occur in the number of PFs resulting from early containment failures.
For containment bypass, the number of PFs was found to decrease by 12%
(from 33 to 29). However, the total number of PFs is approximately a hundred
times smaller than the number of LCFs.
Sensitivity analysis
A sensitivity analysis was carried out to assess the impact of varying the
actinide release fractions.
The three PWR source terms presented in Table 3 are based on the mean
values of distributions of experimental and analytical data for the release
fractions in each class. Use of mean values is appropriate for volatile and
semi-volatile radionuclides, because the range of uncertainty is believed to be
within an order of magnitude. For low-volatile radionuclides like the
actinides, however, the release fractions can vary by several orders of magnitude, depending on details of the accident progression. For this reason, the
MACCS2 calculation was repeated for a range of actinide release fractions.
Three source terms were compared (Table 5). ST-M is the same as ST-1 of
Table 3, with actinide release fractions on the order of 1%. ST-H and ST-L,
which incorporate high and low values of the actinide release fractions, were
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based on the limits of the data distributions.56 The results indicate that for a
DEIS core, the consequences depend strongly on the magnitudes of the
actinide release fractions. For the DCS core with Am-241 removal, the dependence on actinide release fractions is less pronounced.
Table 5: Sensitivity of consequences to actinide release fraction (cycle average).
LEU
Source term:

WG-MOX

WG-MOX/LEU Ratio

DEIS core

DCS core DEIS core

DCS core

ST-M (La R.F.=0.015)
Latent cancer fatalities
Prompt fatalities

7,565
62

13,730
88

9,420
64

1.81
1.50

1.25
1.03

ST-H (La R.F.=0.06)
Latent cancer fatalities
Prompt fatalities

13,915
234

32,100
407

18,100
248

2.31
1.74

1.30
1.06

ST-L (La R.F.=0.003)
Latent cancer fatalities
Prompt fatalities

4,480
26

6,210
32

4,990
27

1.39
1.23

1.11
1.04

For the DEIS core, the cycle-averaged increase in LCFs ranges from 39%
to 131% for the three release fractions, corresponding to an increase of 1,730
to 18,185 LCFs for the generic site. In the worst case (ST-H), the number of
additional LCFs is about 60% of the total number of cancers worldwide predicted to result from the Chernobyl accident. For the DCS core, the cycle-averaged LCFs are 11% to 30% greater than for LEU cores, corresponding to 510
to 4,185 additional LCFs.57
Results at EOC and BOC are given in Tables B.3 and B.4 of Appendix B.
Results for RG-MOX were also calculated at EOC as a function of actinide
release fraction (Appendix C). Compared to an LEU core, Am-241 and Cm242 inventories at EOC are 20 and 27 times greater, respectively. The corresponding number of LCFs is greater by 123% to 486%, approximately a factor
of four greater than for WG-MOX. This significant increase in risk should be
an important consideration for nations such as France and Japan that are currently using or planning to introduce RG-MOX into their nuclear plants.
In summary, we find that the number of LCFs resulting from short-term
exposures following a severe reactor accident will be significantly greater for
PWRs with either full or partial WG-MOX cores than for PWRs with LEU
cores. In no case was the number of LCFs smaller for the WG-MOX core,
unlike some of the results reported in the DOE DEIS.
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The calculation of consequences due to long-term, chronic exposures following the accident is beyond the scope of this paper. Such calculations
require the specification of many more parameters than calculations
restricted to the period immediately after the accident and are associated with
considerably greater uncertainties. However, one may expect that the cost of
land decontamination will increase as a result of the greater fallout of longlived actinides.

A Risk-Informed Analysis of MOX Loading
Compared to an LEU core, the number of latent cancer fatalities caused by a
severe accident has been calculated above to be greater on average by about
85% for a DEIS core or by 22% for a DCS core. Therefore, the total risk,
defined as the sum of the products of the probability and consequences for all
accident sequences, will also be greater for MOX cores. In this section, the
increase in risk associated with substituting MOX for LEU is estimated for
these two cases.
Because the baseline risk of nuclear power plant operation is believed to
be small, these risk increases are also likely to be small. To judge whether
such increases will be acceptable to the NRC, however, they must be evaluated
in accordance with the “risk-informed” regulatory principles that the NRC is
now incorporating into its regulations. In contrast to the deterministic regulations that are now the norm, a risk-informed approach “represents a philosophy whereby risk insights are considered together with other factors to ...
better focus ... regulatory attention on ... issues commensurate with their
importance to public health and safety.”58
One can assess the regulatory significance of the increased risk of MOX
use by using the methodology of NRC Regulatory Guide (RG) 1.174 (see
above). One of the main principles upon which RG 1.174 is based is that
“when proposed changes result in an increase in ... risk, the increases should
be small...”.
Because the calculation of risk to the public can be very complicated, RG
1.174 defines simpler “surrogate” objectives that can be used to meet its guidelines. One of these objectives is expressed in terms of the plant LERF.
The RG 1.174 guidelines for NRC consideration of license amendment
applications resulting in increases in LERF (positive ∆ LERF) are as follows
(RY = reactor-year):
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∆ LERF < 10-7/RY: application will be considered regardless of whether there
is a calculation of total LERF.
10-7/RY < ∆ LERF < 10-6/RY: application will be considered only if it can be
reasonably shown that the total LERF is less than 10-5/RY.
10-6/RY < ∆ LERF: application would not normally be considered.
In other words, if the applicant can show that ∆ LERF is below a threshold
of 10-7/RY, the change can be made without further review. If the proposed
∆ LERF is estimated to be in the next tier, the applicant must do a more thorough calculation of the plant's baseline LERF and the expected ∆ LERF to
confirm the result. Finally, if ∆ LERF is found to be greater than 10-6/RY, the
change will not ordinarily be allowed. Within each tier, the closer the result is
to the upper boundary, the more intensively will the NRC review the application.59
At present, the use of RG 1.174 is voluntary on the part of NRC licensees.
However, the NRC recently approved a staff request for the authority to use
risk-informed methods to evaluate changes proposed by licensees, even if a licensee itself has not used such an approach. In reviewing license amendment
requests, the staff will be able to “question the risk implications of, and potentially reject proposed changes to, the license ... where risk considerations indicate the change would be unacceptable (i.e. would not ensure adequate
protection).”60 The NRC recently used this approach to review a request by
the Callaway plant to use a process known as “electrosleeve” to repair flaws in
steam generator tubes.61
In deriving acceptance guidelines for ∆ LERF from acceptance guidelines
for increases in risk, RG 1.174 implicitly assumes that changes to the plant
will only affect the probabilities of accidents, and not their consequences --- i.e.
the source terms remain the same. However, in the case of a MOX license
amendment request, the change in risk results primarily from changes in the
source terms. Therefore, in order to use RG 1.174 in this case, it is necessary
to modify the approach to account for changes in consequences.
To this end, one can calculate the “effective” change in LERF ( ∆ LERFeff),
defined as the increase in LERF of an LEU-fueled plant that would result in
the same increase in risk as the substitution of MOX for LEU with the LERF
held constant. This procedure enables the ∆ LERF-based acceptance guidelines in RG 1.174 to be used to evaluate the increase in risk resulting from
loading of MOX.
Given the assumption that the frequencies of the severe accidents that
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contribute to the LERF do not change when WG-MOX is substituted for LEU,
then ∆ LERFeff can be related to the change in risk ∆ R according to the following relation (Eq. 1):

∆LERF eff ≡ LERF × ∆R ⁄ R = LERF × ( 1 ⁄ R )Σ i ( f i ∆C i )

(1)

where f i are the frequencies of occurrence of the accidents that contribute to
the LERF (i.e. LERF = Σ i f i ), and Ci is the ith “consequence coefficient,” which
is defined in this paper as the average risk to an individual within ten miles of
a nuclear plant of contracting a fatal cancer, given the occurrence of the ith
plant damage state.62 The annual LCF risk (as defined in the NRC Quantitative Health Objectives) is then given by R = Σ i ( f i C i ) . (R also includes additional terms representing late containment failure and no containment
failure, but the values of fiCi for these plant damage states are negligible in
comparison to the other terms.)
Table 6 lists values for the LCF consequence coefficients Ci for the three
source terms in Table 3, averaged over a cycle. For the DEIS core, the consequence coefficients are 74% to 116% greater than those associated with an
LEU core for the three source terms. For the DCS core, the coefficients are
greater by 21% to 30%.
Table 6: Latent cancer consequence coefficients
LEU
Source term:

WG-MOX

WG-MOX/LEU Ratio

DEIS core

DCS core DEIS core

DCS core

ST-1 (f1=2.8x10-7)

0.0214

0.0372

0.0265

1.74

1.24

ST-2 (f2=3.6x10-6)

0.0128

0.0276

0.0166

2.16

1.30

=3.1x10-6)

0.0114

0.0208

0.0138

1.83

1.21

ST-3 (f3

For the Sequoyah plant, the LERF is the sum of the three accident frequencies listed in Table 6: very early containment failure (during core degradation), containment failure at vessel breach, and containment bypass.
Utilizing the frequency data and consequence coefficients given in Table 6, one
finds for the DCS core that
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LERF=7.0x10-6,
RLEU=8.74x10-8,
RWG-MOX=1.10x10-7 and
∆ R/R=0.26.
Therefore, using Eq. 1, ∆ LERFeff =1.8x10-6, which exceeds by 80% the RG
1.174 threshold of 1x10-6 for ∆ LERF. Repeating the calculation for the DEIS
core, one finds that ∆ R/R=0.99 and ∆ LERFeff =6.9x10-6, which is nearly seven
times greater than the limit.
This calculation is based on NUREG-1150, which does not take into
account external initiating events. Since external events will contribute substantially to both LERF and ∆ LERFeff, it is necessary to include them in the
analysis.
External events are analyzed in the McGuire and Catawba IPE submittals. As discussed previously, the IPEs have not been fully peer-reviewed, so
these results should be considered preliminary. The total LERFs (including
both internal and external events) calculated by Duke Power are 4.7x10-6 and
6.3x10-6 for McGuire and Catawba, respectively.63 Using these values, one
finds that the corresponding values of ∆ LERFeff for the DCS MOX plan are
1.2x10-6 and 1.6x10-6. In both cases, the 1x10-6 threshold would be exceeded,
and the NRC will have justification on risk grounds to prohibit the use of
MOX in McGuire and Catawba, or to require significant restrictions on their
licenses to lower the operating risk of the plants before MOX can be loaded. A
similar conclusion is likely to apply for most other nuclear plants in the U.S.64
The safety case for MOX use in McGuire and Catawba appears even
weaker in light of a recent SNL study finding that the Duke Power IPEs significantly underestimated the vulnerability of ice-condenser containments to
early failure from hydrogen combustion during severe accidents. SNL calculates that the probability of early containment failure (given core damage) at
McGuire is 13.9% for internal events, a factor of seven greater than the value
estimated in the IPE.65 Using this result, the McGuire LERF for internal
events increases to 6.7x10-6. If external events are considered, the total LERF
will exceed 1x10-5.66 According to RG 1.174, plants with LERFs exceeding
1x10-5 cannot make changes that would increase the LERF by more than
1x10-7. Since ∆ LERFeff for the DCS core is more than a factor of ten greater
than this threshold, this analysis strengthens the conclusion that the use of
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MOX at McGuire would pose an unacceptable risk and should not be allowed.
Therefore, unless DCS can show convincingly that the McGuire LERF is
actually much smaller than the value based on recent SNL analysis, it
appears unlikely that it will be permitted to load MOX in McGuire.
According to these results, the risk increase resulting from the substitution of partial or full cores of WG-MOX for LEU in most U.S. PWRs will exceed
the RG 1.174 threshold. This does not imply that the NRC will prohibit MOX
use, especially if it concludes that the non-quantifiable benefits of plutonium
disposition outweigh the risk increase. Nonetheless, at a minimum, any utility
wishing to use MOX will have to carry out a detailed level-3 PRA of its plants
for both LEU and partial MOX cores, and may have significant and costly
restrictions placed on the plants’ operating licenses.

MOX Core Accident Probabilities
The preceding risk analysis assumed that the use of MOX fuel would have no
effect on the probabilities of severe accidents. However, as discussed above,
MOX fuel and LEU fuel have different neutronic and thermomechanical properties. As a result, the probabilities of severe accident sequences may
increase, decrease or remain the same when WG-MOX fuel is used. The qualitative analysis below suggests that the probabilities of the most risk-significant accidents at LEU-fueled PWRs will be comparable or even higher at
MOX-fueled PWRs. Therefore, the assumption that the probabilities are the
same is not likely to overestimate the MOX risk and may in fact underestimate it.
Accident precursors in PWRs can be grouped into the following categories:
those causing (1) an increase in power, (2) an increase in coolant temperature
or pressure and (3) a decrease in coolant temperature or pressure.67 A precursor of limiting severity in the first category is a rod cluster control assembly
(RCCA) ejection; in the second, a loss-of-coolant accident (LOCA), and in the
third, a main steam line break (MSLB).
Based on reactivity considerations alone, precursors in the first category
may be either more or less severe in MOX cores, those in the second may be
less severe and those in the third will be more severe. (However, when the
thermomechanical differences of the two fuel types are taken into account,
any advantages of MOX become less apparent.) The overall impact of MOX
fuel use on the total core damage frequency (CDF) and LERF depends on the
relative frequencies of these types of accidents, which are different for each
nuclear plant. A resolution of this question will require plant-specific PRAs
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for MOX cores. However, it is possible to make some general observations.
Rod cluster control assembly (RCCA) ejection
The primary coolant system in PWRs is maintained at high pressure. If a rod
cluster control assembly (RCCA) were to come loose from its housing, it could
be ejected from the core. This would lead to a reactivity insertion accident
(RIA) --- a rapid increase in reactivity with local power spikes that could cause
fuel damage.
Westinghouse has analyzed the RCCA ejection event for partial WG-MOX
cores.68 It is difficult to predict whether this accident would be more severe in
a MOX core, because it depends on a number of competing factors, including
the worth of the ejected RCCA and the delayed neutron fraction. For a partial
MOX core, the worth of an individual RCCA is reduced, and if ejected, the
increase in reactivity would be smaller. However, the resulting rise in power
could be more rapid because the delayed neutron fraction is also smaller.
According to Westinghouse, the smaller RCCA worth, along with more negative reactivity coefficients, “more than compensate for the unfavorable impact
of the delayed neutron fraction.”
In particular, for an RCCA ejection occurring at the end-of-cycle (at which
point the burnups will also be the greatest), the maximum enthalpy was found
to be 150 cal/g. Because the Westinghouse analysis uses the LEU-based criterion that fuel cladding will remain intact provided the maximum fuel rod
enthalpy (absorbed heat) is below 200 cal/g, no fuel damage is predicted to
occur.
However, the Westinghouse analysis does not take into account the experimental evidence from the Cabri test reactor that high-burnup MOX fuel is
less resistant to reactivity insertions than LEU fuel. In fact, the calculated
maximum enthalpy exceeds the 120 cal/g value at which the MOX rod rupture
was observed in the Cabri test. Therefore, the increased vulnerability of high
burnup MOX fuel could cancel out the beneficial effect of the reduced rod
worth, unless strict burnup limits were imposed on MOX fuel.
Moreover, DCS may change the control rod material in its plants to
increase the rod worths, in which case the assumption that the worth of the
ejected rod would be lower in a MOX core would not be valid. Therefore, it is
unlikely that this transient would be more benign for DCS cores.
Loss-of-coolant accidents
Loss-of-coolant accidents (LOCAs), initiated either directly (by pipe breaks) or
indirectly (by loss of component cooling, resulting in temperature-induced failure of pump seals), rank among the most risk-significant accidents. For exam-
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ple, the Catawba IPE estimates that LOCAs contribute more than 80% to the
CDF for internal events. The probability that a LOCA will lead to core damage depends on the extent to which fuel cladding is damaged prior to startup
of emergency core cooling, which in turn depends on the fuel rod temperatures. Although the rate of decay heat generation will be slightly lower in
MOX fuel than in LEU fuel immediately after a trip (because the thermal flux
is smaller), the thermal conductivity of MOX fuel is about 10% lower, and the
centerline temperature about 50°C higher.
Because MOX fuel has a higher centerline temperature than LEU fuel,
the rise in cladding temperature and rate of cladding oxidation during the initial stages of a LOCA can be greater than for LEU fuel, and it may be harder
for MOX cores to meet the NRC's requirements for LOCA mitigation.69
In some transients that cause an increase in coolant temperature, such as
a loss of heat sink, the stronger negative temperature feedback in MOX cores
could in principle be beneficial by more rapidly forcing the reactor to a subcritical state. However, in such accidents the reactor is expected to trip automatically on excessive temperature or pressure signals, after which heat removal
becomes the main concern. Therefore, the only events that may benefit from
this property of MOX fuel are those in which the reactor fails to trip (the socalled “anticipated transients without scram,” or ATWS), which have relatively low frequencies in PWRs. In the Catawba IPE, for example, ATWS
events contributed less than 3% to the internal CDF. Therefore, a reduction in
the severity of ATWS events would only have a small effect on the LERF.
Overcooling transients and pressurized thermal shock
The more negative moderator temperature coefficient in MOX cores can make
overcooling events more severe, since a given rate of temperature decrease is
associated with a greater rate of reactivity increase. Overcooling sequences
can be initiated by many different events, most of which are associated with a
leak in the secondary coolant system. This can occur either from a pipe failure, such as a main steam line break (MSLB), or as a result of a reactor trip
followed by the failure of a secondary-side valve to close. Other types of
events, such as steam generator tube ruptures or small-break LOCAs, can
also lead to overcooling transients.
The double-ended MSLB occurring when the core is in hot standby is considered the most serious transient of this class. In this accident, the pressure
and temperature of the reactor coolant system (RCS) both begin to decrease
rapidly. For some core configurations, the reactor core can reach criticality
and return to power. This accident is mitigated initially by an automatic high-
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pressure safety injection (SI) system, which injects borated water into the
core, and as the pressure continues to drop, by passive accumulators, which
flood the core with more borated water.
Westinghouse analyzed the MSLB accident for both partial and full WGMOX cores in its 1996 report. It found that even though return to criticality
and peak core power occurred sooner for the MOX core, safety limits were not
exceeded.
However, Westinghouse did not consider a particularly severe outcome of
the MSLB accident that is likely to cause core damage and containment failure: rupture of the PWR reactor vessel as a result of pressurized thermal
shock (PTS). PTS can occur if the temperature of the reactor vessel is reduced
below a threshold (known as the nil-ductility transition temperature, or
NDTT) while the vessel is pressurized, or if the vessel is repressurized while
still cold. The risk of PTS increases with the age of the reactor vessel, because
exposure of the vessel to the neutron flux in an operating reactor slowly
increases the NDTT, a process known as neutron embrittlement.
To prevent the occurrence of PTS following a MSLB, two operator actions
are required: termination of the auxiliary feedwater system (AFS) to the
affected loop and termination of the safety injection system. The first action
will halt the decrease in temperature of the RCS and the second will prevent
repressurization to a potentially dangerous level.
Results of the simulation of a MSLB in a MOX-fueled PWR conducted by
Westinghouse indicate that the rate of RCS temperature decrease is much
more rapid in both partial and full-MOX cores than in an LEU core. After 400
seconds, the RCS average temperature in the full MOX core drops by 210°F
(117°C) to 350°F (177°C), while the temperature in the LEU core drops only
by around 120°F (67°C), to 440°F (227°C). According to NRC, “final temperatures of 350°F and less are expected to be potential PTS initiating events.”70
Since the MOX RCS temperature enters the region of concern sooner than the
LEU core, the operator must terminate the AFS more rapidly in order to halt
the decline in temperature. This decreases the likelihood that operators will
be able to act in time to save the reactor vessel.
In addition, the rate of RPV embrittlement is expected to be greater in a
MOX core because a greater flux of neutrons with energies greater than 1
MeV will be produced.71 Therefore, the risk of PTS may be greater in a MOX
core for two reasons --- a greater frequency of events that can overcool the
reactor vessel to a dangerously low temperature, and a higher NDTT.
PTS is of special concern for Russian-designed pressurized-water reactors,
or VVERs, which are especially prone to vessel embrittlement, according to
the International Atomic Energy Agency. This fact should not be overlooked
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as the U.S. and Russia continue to develop plans to use WG-MOX fuel in Russian VVER-1000 plants.
For a complete picture of the effect of MOX fuel on the probabilities of
severe accidents, this analysis will have to be conducted in quantitative detail
for each accident sequence. It is unlikely, however, that any decreases in accident probabilities that occur with MOX use will be large enough to affect the
conclusions of this paper.

CONCLUSIONS
The Department of Energy's plan to dispose of ex-warhead plutonium by using
it in MOX fuel in four existing commercial nuclear reactors (Catawba I & II
and McGuire I & II) will impose a significant risk on the public. This paper
estimates that loading 40% cores of MOX fuel containing purified WG-Pu into
these reactors will result on average in a 26% increase in latent cancer risk to
the public from a severe accident. This increase in risk is equivalent to that
which would occur if the plant LERF --- the probability of an accident causing
a large, early radiological release --- increased by the same percentage.
The NRC has the authority to examine the risk implications of a license
amendment request, even if it satisfies all regulatory requirements, if it has
reason to believe that the proposal would not provide adequate protection of
the public health and safety. According to Regulatory Guide 1.174, a change
in plant operation that increases the LERF by 25% would only be allowed for
plants with a baseline LERF of 4x10-6 or less. Also, plants with LERFs
exceeding 1x10-5 cannot make changes that would increase the LERF by more
than 1x10-7.
PRAs conducted by Duke Power concluded that the LERFs for both the
Catawba and McGuire plants exceed 4x10-6. Furthermore, a recent Sandia
National Laboratories study indicates that the LERF for McGuire will exceed
1x10-5 when the vulnerability of ice-condenser containments to hydrogen
explosions is taken into account. Thus the NRC will have grounds for prohibiting the use of MOX fuel in Catawba and McGuire, unless DCS can take measures to substantially reduce the baseline LERFs of these plants, or show with
revised calculations that the existing risks are much smaller than indicated
by their previous analyses. In either case, DCS will have to carry out peerreviewed, MOX-specific PRAs conforming to a new quality control standard
now under development.
The above risk increases were calculated under the assumption that use of
MOX fuel will not increase the probability of an accident. However, this may
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not be the case. Concerns with the robustness of high-burnup MOX fuel in the
event of an accident have led the French nuclear safety authority DSIN to
restrict the average burnup of MOX fuel assemblies to about 41 GWD/t,
whereas LEU fuel is permitted to reach 52 GWD/t. The U.S. should do likewise and restrict the assembly-averaged MOX burnup to 41 GWD/t pending
resolution of these safety issues. This will be a costly inconvenience for DCS,
which intends at the beginning of the program to irradiate MOX fuel assemblies to 45 GWD/t, and to raise the burnup limit eventually.
The U.S. plan to encourage Russia to use WG-MOX in Russian and Ukrainian VVER-1000s poses even greater risks than the plan for U.S. domestic use
of WG-MOX. VVER-1000s do not meet Western safety standards in such critical areas as fire protection and instrumentation and control systems. In addition, the pressure vessels of VVER-1000s are highly embrittled. The U.S. is
not requiring that these plants be upgraded so that they fully meet Western
safety standards, which would cost on the order of $150 million per unit.
Given that the use of MOX will increase risk even in plants that do meet
Western standards, encouraging Russia to use MOX in VVER-1000s without
ensuring maximal adherence to safety is unwise.

APPENDIX A: Calculation of LEU and WG-MOX Core Inventories
This appendix contains additional information necessary to carry out the
SCALE 4.3 inventory calculations described above and the results of the calculations for 58 radionuclides. Table A.1 shows the dimensions of the PWR
fuel assemblies used in the calculations.

Table A.1: Fuel assembly specifications
Fuel Parameter

Value

Mass of assembly (THM)
Number of fuel rods per assembly
Active length (cm)
Fuel rod pitch (cm)
Fuel rod clad outer diameter (cm)
Fuel rod clad inner diameter (cm)
Fuel rod outer diameter (cm)

0.423
264
365.76
1.2598
0.9144
0.8001
0.7844
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The fuel assembly specific powers are also needed for each fuel batch. For the
EOC calculation, specific powers for each batch were approximated by the
core-averaged assembly power near the midpoint of the equilibrium cycle
(Table A.2). The different rate of change of reactivity with burnup of the two
types of fuel results in somewhat different assembly powers and irradiation
histories. BOC calculations were carried out for an exposure time of 3.4 days,
corresponding to a reload fuel burnup of about 0.15 GWD/t.
Table A.2: Core irradiation histories

Batch

No. assemblies

Average power
at mid-cycle
(MW/t)

Average burnup
(MWD/t)

LEU
Feed
Once-burned
Twice-burned

88
88
17

53.9
38.9
15.4

24,790
42,690
49,770

Core-averaged burnup at end of cycle
WG-Pu
Feed
Once-burned
Twice-burned

92
92
9

Core-averaged burn up at end of cycle

35,150
49.6
39.6
25.0

23,860
42,910
54,930
34,390

Full-MOX Results
Table A.3 provides the results of the calculation of radionuclide inventories at
EOC for LEU and full WG-MOX cores. Fission product inventories rarely differ by more than a factor of two between the two cores. However, some radiologically important radionuclides are increased in the WG-MOX core, such as
the semi-volatile isotopes of ruthenium (Ru), antimony (Sb) and tellurium
(Te), while those with reduced inventories include the lower-volatility radionuclides such as yttrium (Y), strontium (Sr) and cerium (Ce).
Table A.4 lists the actinide inventories for LEU and full WG-MOX cores at
the beginning-of-cycle (BOC). Because the inventories of transuranic (TRU)
elements (Np, Pu, Am, Cm) are much smaller at BOC in the LEU core, while
the plutonium concentration is near its maximum in the MOX core, the MOX/
LEU ratios for most higher actinides are greater at BOC than at EOC.
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Table A.3 shows the EOC TRU inventories for the DCS core (a 40% WGMOX core with plutonium polishing). The significantly smaller actinide
inventories are apparent.

Extrapolation to Partial MOX Cores
The radionuclide inventories for partial MOX cores can be estimated from the
full-core inventories by linearly scaling the result with respect to the MOX
core fraction. For instance, for a 40% MOX core (78 MOX assemblies), a given
partial MOX core inventory value can be expressed in terms of the LEU and
full MOX values from the equation I0.4= 55(U0+U1) + 37(M0+M1) + 5 U2 +
4M2, where U0 is the inventory of first-cycle LEU fuel, etc. Here it is assumed
that the average plutonium enrichments in MOX fuel reloads are the same for
both full and partial cores.
This estimate depends on the assumption that the radionuclide inventory
in a MOX assembly is insensitive to the differences in the neutron spectra of
full and partial MOX cores. The validity of this assumption is evident from
graphs presented in the 1996 Westinghouse study for plutonium inventories
versus burnup of MOX assemblies with nearly identical fissile plutonium
enrichments of 4.5% and 4.515% that are irradiated in partial and full MOX
cores, respectively. Comparison of the two graphs does not reveal any visible
differences in the plutonium isotopic content of the two assemblies, implying
that such differences are well below 1% for all burnups. Inventories of other
actinides should have a similar dependence on neutron spectrum, and inventories of fission products should be even more weakly dependent. Thus it can
be concluded that the linear approximation for partial MOX core inventories
is reasonable.
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Table A.3: Radionuclide core inventories at EOC, DEIS Core
LEU Core Inventory
(MCi)

WG-MOX Core Inventory
(MCi)

MOX/LEU
Ratio

0.8277
24.39
49.04
68.26
0.1338
97.49
7.110
118.9
125.7
7.409
125.6
126.7
95.93
165.6
153.9
166.1
177.2
155.7
143.8
95.98
42.57
90.07
7.812
29.67
7.662
1.240
28.21
5.706
18.20
135.1
93.95
137.4
194.7
216.4
185.6

0.4527
14.79
28.42
37.96
0.07278
50.21
3.248
71.48
84.52
3.346
73.07
84.99
71.40
136.2
142.0
136.1
172.9
151.8
190.0
149.9
90.60
143.0
11.13
35.19
11.11
1.974
33.68
7.054
23.66
139.1
99.80
142.9
191.3
205.1
183.9

0.55
0.61
0.58
0.56
0.54
0.52
0.46
0.60
0.67
0.45
0.58
0.67
0.74
0.82
0.92
0.82
0.98
0.97
1.32
1.56
2.13
1.59
1.42
1.19
1.45
1.59
1.19
1.24
1.30
1.03
1.06
1.04
0.98
0.95
0.99

Fission products
Kr-85
Kr-85m
Kr-87
Kr-88
Rb-86
Sr-89
Sr-90
Sr-91
Sr-92
Y-90
Y-91
Y-92
Y-93
Zr-95
Zr-97
Nb-95
Mo-99
Tc-99m
Ru-103
Ru-105
Ru-106
Rh-105
Sb-127
Sb-129
Te-127
Te-127m
Te-129
Te-129m
Te-131m
Te-132
I-131
I-132
I-133
I-134
I-135
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Table A.3 (Continued): Radionuclide core inventories at EOC, DEIS Core
LEU Core Inventory
(MCi)

WG-MOX Core Inventory
(MCi)

MOX/LEU
Ratio

194.8
45.87
12.47
3.722
9.422
172.5
174.0
179.8
158.0
154.5
159.9
148.5
115.3
145.7
63.73

191.7
77.02
11.99
6.213
9.331
159.4
161.7
165.6
145.5
139.1
147.9
126.4
90.35
124.0
60.33

0.98
1.68
0.96
1.67
0.99
0.92
0.93
0.92
0.92
0.90
0.92
0.85
0.78
0.85
0.95

1755
0.2152
0.02667
0.03479
10.62
0.00973
2.965
0.1757

1692
0.2946
0.08829
0.1534
38.01
0.06633
21.37
0.5386

0.96
1.37
3.31
4.41
3.58
6.84
7.21
3.07

Fission Products
Xe-133
Xe-135
Cs-134
Cs-136
Cs-137
Ba-139
Ba-140
La-140
La-141
La-142
Ce-141
Ce-143
Ce-144
Pr-143
Nd-147
Actinides
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-242
Cm-244
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Table A.4: Actinide inventories at BOC, DEIS Core
LEU Core Inventory
(MCi)

WG-MOX Core Inventory
(MCi)

MOX-LEU
Ratio

984.6
0.06494
0.01443
0.01516
4.664
0.00365
0.6998
0.03244

966.5
0.1227
0.1577
0.1049
18.43
0.07942
8.807
0.09869

0.98
1.89
10.9
6.92
3.95
21.8
12.6
3.04

Actinides
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-242
Cm-244

Table A.5: Actinide inventories at EOC, DCS Core
LEU Core Inventory
(MCi)

DCS WG-MOX Core
Inventory (MCi)

DCS-MOX/
LEU Ratio

1755
0.2152
0.02667
0.03479
10.62
0.00973
2.965
0.1757

1735
0.1926
0.05216
0.08289
21.741
0.0245
6.458
0.3007

0.99
0.89
1.96
2.38
2.05
2.52
2.18
1.71

Actinides
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-242
Cm-244

APPENDIX B: Severe Accident Consequences at the End-of-Cycle
(EOC) and Beginning-of-Cycle (BOC)
The results of MACCS2 calculations for severe accidents at EOC and BOC are
presented in Tables B.1 through B.4. The information in these tables was
used to calculate the consequences averaged over a cycle. Tables B.1 and B.2
contain the data for the three severe accident source terms in Table 3, while
Tables B.3 and B.4 show the results for different actinide release fractions.
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Table B.1:Consequences of severe reactor accidents at EOC

Source term:

LEU

WG-MOX
DEIS core

WG-MOX/LEU Ratio
DCS core DEIS core DCS core

ST-1
Latent cancer fatalities 11,000
Prompt fatalities
86

18,800
129

13,600
91

1.71
1.50

1.24
1.06

ST-2
Latent cancer fatalities 3,620
Prompt fatalities
30

6,690
40

4,380
31

1.85
1.33

1.21
1.03

ST-3
Latent cancer fatalities 2,410
Prompt fatalities
35

4,280
34

2,900
33

1.78
0.97

1.20
0.94

Table B.2: Consequences of severe reactor accidents at BOC

Source term:

LEU

WG-MOX
DEIS core

WG-MOX/LEU Ratio
DCS core DEIS core DCS core

ST-1
Latent cancer fatalities 4,130
Prompt fatalities
37

8,660
47

5,240
36

2.10
1.27

1.27
0.97

ST-2
Latent cancer fatalities 1,410
Prompt fatalities
10

3,150
15

1,780
10

2.23
1.50

1.26
1.00

ST-3
Latent cancer fatalities 1,060
Prompt fatalities
30

2,070
21

1,270
25

1.95
0.70

1.20
0.83
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Table B.3: Sensitivity of EOC accident consequences to actinide release fraction
LEU

WG-MOX
DEIS core

WG-MOX/LEU Ratio
DCS core DEIS core DCS core

ST-M (La R.F.=O,015)
Latent cancer fatalities
Prompt fatalities

11,000
86

18,800
129

13,600
91

1.71
1.50

1.24
1.06

ST-H (La R.F.=0.06)
Latent cancer fatalities
Prompt fatalities

20,300
359

44,500
625

26,100
391

2.19
1.74

1.29
1.09

ST-L (La R.F.=0.003)
Latent cancer fatalities
Prompt fatalities

6,410
38

8,680
44

7,140
39

1.35
1.16

1.11
1.03

Source term:

Table B.4: Sensitivity of BOC accident consequences to actinide release fraction
LEU

WG-MOX
DEIS core

WG-MOX/LEU Ratio
DCS core DEIS core DCS core

ST-M (La R.F.=0.015)
Latent cancer fatalities
Prompt fatalities

4,130
37

8,660
47

5,240
36

2.10
1.27

1.27
0.97

ST-H (La R.F.=0.06)
Latent cancer fatalites
Prompt fatalities

7,530
108

19,700
188

10,100
105

2.62
1.74

1.34
0.97

ST-L (La R.F.=0.003)
Latent cancer fatalities
Prompt fatalities

2,550
14

3,740
20

2,840
15

1.47
1.43

1.11
1.07

Source term:
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APPENDIX C: Consequences of Reactor-Grade MOX Use
The use of reactor-grade MOX (RG-MOX) in LWRs poses even more serious
health consequences than use of WG-MOX. Because RG-MOX contains a
much higher percentage of the higher-mass isotopes Pu-240, Pu-241 and Pu242, concentrations of radiologically significant actinides such as Am and Cm
increase more rapidly during irradiation of RG-MOX. Moreover, because Pu240 and Pu-242 degrade the reactivity properties of MOX fuel, the concentration of total RG-Pu must be greater than that of WG-Pu to achieve comparable
fuel energy content.
To estimate the impact of these effects, the calculations of the preceding
sections were repeated for a full core of MOX containing plutonium from spent
LWR fuel of 44 GWD/t burnup (see Table 2 for the initial isotopic composition
of the RG-Pu). Japan is planning to construct an LWR that will use a full RGMOX Core. The spent fuel was assumed to have been cooled for 9 years before
reprocessing, and the fresh RG-MOX fuel was assumed to have been stored for
three years before being loaded into a reactor. The total RG-Pu concentration
of the fresh fuel necessary to achieve equivalent performance to 4.25%enriched LEU was calculated to be 8.3%, nearly twice as great as the WG-Pu
concentration. Otherwise, all other parameters were unchanged from the
WG-MOX calculation. While some of these parameters, such as the average
fuel assembly powers for each batch, would be different for the case of RGMOX fuel, the differences would not be expected to have a large effect on the
calculated core inventories.
Table C.1 compares the calculated actinide inventories of the RG-MOX
and LEU cores.
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Table C.1: RG-MOX actinide core inventory at EOC
LEU Core Inventory
(MCi)

RG-MOX Core Inventory
(MCi)

MOX/LEU Ratio

1755
0.2152
0.02667
0.03479
10.62
0.00973
2.965
0.1757

1443
2.667
0.1368
0.3532
86.51
0.2600
58.29
3.801

0.82
12.4
5.13
10.2
8.15
26.7
19.7
21.6

Actinides
Np-239
Pu-238
Pu-239
Pu-240
Pu-241
Am-241
Cm-242
Cm-244

Using the calculated radionuclide inventories for the end-of-cycle RGMOX core, the MACCS2 calculations of the previous sections were repeated.
Results of the consequence calculations are presented in Table C.2. Comparing Table C.2 and Table B.3, one finds that the percent increases in LCFs are
about four times greater for RG-Pu than for WG-Pu.

Table C.2: Consequences of Severe Accidents Involving RG-MOX Cores at EOC
RG-MOX

RG-MOX/LEU Ratio

ST-M
Latent cancer fatalities
Prompt fatalities

43,600
299

3.96
3.48

ST-H
Latent cancer fatalities
Prompt fatalities

119,000
1,590

5.86
4.42

ST-L
Latent cancer fatalities
Prompt fatalities

14,300
59

2.23
1.55

Source term:
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