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The promise of benefit from nuclear power
for electricity generation rests in a large
measure on the assumption of very favorable
fuel costs when compared to those for fossil
fuels. The data as of the end of 1986 show
that the promised benefit from nuclear power
of low fuel costs in the generation of
electrical power has been fulfilled.

Electric Utilities in the United States
of America (USA) report each year to the
Federal Energy Regulatory Commission (FERC)^
and to other government and industry bodies
These x-eports include the annual costs for
each type, of fuel (oil, gas, coal or nuclear)
and the annual generation of electrical energy
from each fuel type. The experience in the
USA to date, as reported in the FERC data,
confirms a very favorable cost trend for
nuclear fuel costs relative to fossil fuel
costs. The combined average fuel costs, for
each type of fuel, for Electric Utilities in
the USA, and the trend with time, up to the
end of 1986, are shown in Figure 1.
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Fig. 1. Reported fuel costs by U.S.
utilities.

The well publicized oil price trend
resulted in a jump in the fuel costs, when
using oil to generate electricity, from the 3
to 5 $/MUH range at the beginning of the
1970's to over 50 $/MWH in the early 1980's.
However, oil costs plummeted in 1986 to 25
$/MWH with a resultant drop in the fuel costs
when using oil to generate electricity.

The natural gas price and fuel costs
using natural gas to generate electricity
followed the same trend as oil, rising to 40
$/MWH and then dropping to 25 $/MWH in 1986.

Coal costs have been restrained in the
same time period, but such factors as the
increased costs of transportation from the
coal mine to the power plant have resulted in
a steady climb in the fuel costs, when using
coal to generate electricity, from 3 $/MWH to
18 $/MWH in the USA.

In comparison, nuclear fuel costs have
risen slowly in the USA to the point where in
1986 the nuclear fuel costs using uranium to
generate electricity were in the range of 7 to
8 $/MWH. The fuel costs using uranium to
generate electricity have risen at a
relatively uniform rate over the time period
of 1975 to 1986 and the rate is only slightly
above the general inflation rate for the
USA during that time period. Nuclear fuel
costs have been contained through the combined
factors of implementing fuel design
improvements that delivered both higher
nuclear efficiencies and higher fuel burnup
level's. There now exist more than adequate
supplies of both uranium ore material and
uranium enrichment capacity.

The nuclear fuel cost promise relative to
other fuels looks even better as we attempt to
project into the future. Uranium supply
surplus and advances in enrichment technology
suggest that this trend should continue.
Nuclear power plant system, and reactor core
and fuel design optimizations now in
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development further support the continuing
favorable fuel economics and nuclear fuel
costs relative to alternative fuels.

Uranium ore supplies are plentiful and
level ore costs are expected for the next ten
years or more. The cost of uranium enrichment
services are expected to decline in the next
decade as new methods of enriching uranium
with lasers and or centrifuge developments are
brought into implementation. Enrichment
capacity will continue to be more than
adequate when compared to the demand. The
above factors will result in level or even
reduced enriched uranium costs, which when
combined with planned and expected fuel design
improvements, are expected to result in
reduced future nuclear fuel cycle costs. It
is expected that the nuclear fuel cycle cost
reductions will likely exceed the general
inflation rates in the United States of
America in the near term and the absolute
magnitude of the nuclear fuel cycle costs will
decline in the next five years and then slowly
increase.

In contrast, both the oil and gas costs
have resumed their upward climb as the world
reserves and particularly those in the USA
are depleted. Fuel costs using oil and gas as
fuels, as reported by Electric Utilities in
the USA are already 10 to 20 % higher than the
minimum cost points reached in the middle of
1986.

There are few reasons to expect lower
coal costs. The cost of coal transportation
and the cost of coal cleanup are expected to
continue to result in rising fuel costs using
coal as a fuel. The costs associated with
scrubbing requirements to mitigate the
environmental impact of acid rain could have a
significant economic effect on fuel costs
using coal to generate electricity.

The projected future of fuel costs in the
USA using oil, gas, coal and uranium as fuels
are expected to show trends similar to those
shown in Figure 2. Any effect of potential
future scrubbing requirements as a result of
concern with acid rain are not included in the
trend line for coal. These projected trend
lines show that even larger fuel cost savings
are expected for nuclear fuel in the USA
in the next 10 to 20 years than we are
currently realizing today.
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Fig. 2. Fuel Costs in United States.
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Threats to the economic potential for
nuclear fuel costs include unexpected problems
in actual versus projected core and fuel
technical performance. In the past, there
have been some shortfalls in both core nuclear
performance and fuel mechanical integrity.
Core nuclear performance shortfalls of up to
5% resulted from early over simplifications in
coupled nuclear-thermal hydraulic
computational methods, insufficient core
monitoring instrumentation and data analysis
systems and early fuel rod failures. Fuel rod
reliabilities of only 0.99 were experienced
fifteen years ago. Causes of these past fuel
rod failures have been shown by investigation
to include core system caused vibration and
wear, over heating due to deposition of
cooling water oxide impurities on the fuel
heat transfer surface, zirconium alloy
cladding deterioration caused by hydrogenous
impurities coming from inside the fuel rod,
localized pellet-cladding interaction during
local power increases, and water-side
corrosion.

As a result of continued core nuclear
methods improvements, qualified by extensive
gamma scanning experiments and thorough
analyses of operating reacLor fuel cycles at
numerous plants, core nuclear-thermal
hydraulic design methods have become more
sophisticated at General Electric.

In-core instrumentation and data analysis
advances aided by developments in computer
technology are replacing original systems. As
a result, for General Electric fueled BWR's
there have been no core performance related
power capacity losses for the past four years
as shown in Figure 3. Design margins are now
quite adequate and the technical bases for
projecting performance of future system and
fuel advances are in place. Additional
flexibility will be provided in the future
through a combination of: further
implementation of already available improved
in-core instrumentation; further
implementation in design applications of
currently licensed improved loss of coolant
accident methods which are based on best
estimate calculations plus statistically based
safety factor adders; implementation of
already available improved spacer designs; and
licensing of improved critical power
correlations based on extensive full scale
test data.
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Fig. 3. B'!R capacity factor losses due to
thermal margins.

Fuel rod reliability has similarly been
improved from 0.99 to 0.9998. These improved
reliability results for BWRs apply for current
achieved exposures of about 30,000 MWD/MT
based on the operation of over 3,000,000
General Electric manufactured fuel rods.
Causes of failure have-been systematically
investigated and mitigating actions taken.
Improvements are being introduced which were
developed through extensive testing and
preceded by full scale reactor demonstrations.
The current failure mechanisms operative in
BWR fuel are water side corrosion failures
caused by crud induced localized corrosion,
pellet-clad interaction induced failures
caused by power ramps, and miscellaneous
failures due either to fretting as a result of
debris in the reactor water or due to flaws
that escaped detection during the
manufacturing process. These failure
mechanisms are schematically represented in
Figure 4 in proportion to their occurrence.

Other

Fig. 4. Fuel failure mechanisms, 8x8 fuel rods.

493



Most of the fuel failures observed in
General Electric 8x8 fuel designs have
occurred in fuel manufactured prior to 1981
and are predominately a result of crud induced
localized corrosion. The factors leading to
failure by this mechanism are illustrated in
Figure 5. These factors are material
susceptibility, water chemistry environment
and fuel rod duty. The material
susceptibility to nodular corrosion in a SV7R
environment is a key factor that is necessarv,
but not sufficient, to cause failure by this
mechanism. All material that has failed by
this mechanism has passed the American Society
for Testing and Materials (ASTM) industry
standard corrosion testing requirements. A
patented more severe corrosion test was
developed by General Electric and calibrated
to ir-reactor nodular corrosion performance in
a BWK. The results of using this test on
incoming tube shell material from three
material suppliers revealed that there is a
wide variability in the corrosion resistance
with a small statistical tail that is
susceptible to failure by this failure
mechanism, if other necessary conditions are
also present. General Electric has informed
ASTM that General Electric will make United
States Patent No. 4,440,862 available under
license, without compensation, to any
applicant (direct users, public institutions,
etc.) who certifies that such a license is
sought only for the purpose of compliance with
the related ASTM standard and not for
commercial profit. The second factor that
must be present for the crud induced localized
corrosion failure mechanism to be operative is
the presence of sufficient copper in the
reactor water to enable copper to deposit
between oxide nodules. This copper deposition
occurs after the nodule surface coverage has
reached approximately 95%. Sufficient copper
to cause failure by this mechanism only occurs
in the reactor water of plants which have
copper alloy condenser tubing and filter
demineralizer condensate cleanup systems. The
final necessary factor is fuel rod duty. If
the power is below a certain threshold power
level failure will not occur. Gadolinia
bearing fuel rods are more susceptible to
failure by this mechanism than pure uranium
dioxide bearing fuel rods and therefore fail
earlier in life. The reason is that the
gadolinia bearing fuel rods operate at low
power early in life followed by a high power
history after the burnup of the high neutron
cross section gadolinium isotopes. Low power
enhances the susceptibility of the material to
nodular corrosion in a high neutron flux. At
the end of the low power operation, if the
nodular corrosion resistance of the material
was not adequate, and if there is sufficient
copper in the reactor water to deposit between

oxide nodules and the subsequent power is
sufficiently high, then failure can occur by
locali-ed clad corrosion penetration.

All tubing material manufactured by
General Electric since early 1984 has been
heat treated by a patented process in the
General Electric manufacturing facility in
Wilmington, North Carolina to provide only
superior nodular corrosion resistant material
for use in manufacturing General Electric fuel
rods. Results of examinations after two
cycles of irradiation in a reactor susceptible
to crud induced localized corrosion failures
show the nodular corrosion resistance of
material made by this process is excellent
oven in gadolinia fuel rod service. As a
result of implementation of this in-reactor
qualified heat treatment process, crud
induced localized corrosion failures have been
€ liir:ir;ated for all fuel rods manufactured with
cladding material processed by General
Electric.

Operating
Environment

Fig. 5. Conditions for crud induced localized
corrosion fuel failures.

The other major cause of failure
currently occurring in BWR fuel is failure by
pellet-cladding interaction. This type of
failure is power history path dependent. It
occurs only after operation at a low power
with a fast power ramp to a higher power where
the higher power is above a threshold power
level for failure. This threshold level is
not very sensitive to the normal design
variables such as clad thickness, cold worked
and stress relieved versus fully annealed
cladding or fuel-to-clad gap. Neither is
susceptibility to failure dependent on which
manufacturer made or designed the fuel. These
facts are illustrated in Figure 6 where
failure data are plotted for General Electric
cold worked and stress relieved cladding for
7x7 size fuel rods that failed in the Dresden
2 reactor in 1974. ASEA ATOM fully annealed
cladding for 8x8 size fuel rods that failed in
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the Oskarshamn Unit 1 reactor in 1975 when
they deliberately pulled a control rod blade
to determine the resistance of their fuel to
this failure mechanism. General Electric fully
annealed cladding for 8x8 size fuel rods that
failed in a number of commercial reactors in
the time period of 1975 to 1986 and Exxon
Nuclear Corporation (Advanced Nuclear Fuel)
cold worked and stress relieved cladding for
8x8 size fuel rods that failed in 19S6 in the
Oyster Creek reactor.
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To minimize fuel failures due to this
mechanism General Electric introduced
operating restrictions on BWR's that
recommended using very slow increases in power
periodically to precondition the fuel for
failure resistance to subsequent power ramps.
This has been very successful in limiting the
number of failures, however, the loss of
capacity factor associated with these
operating restrictions is illustrated in
Figure 1. To eliminate this failure mechanism
in General Electric BWR fuel, zirconium
barrier fuel ' was invented and patented.
A full scale demonstration of the resistance
of this patented fuel design to the
pellet-clad interaction failure mechanism has
been performed in the Quad Cities Unit 2
reactor of the Commonwealth Edison
Corporation. At the end of both cycle 6 and
cycle 7 control rod blades in four
symmetrically located test cells were
deliberately withdrawn to demonstrate the
resistance of the barrier fuel in these test
cells to the pellet-clad interaction failure
mechanism. The barrier fuel in these test
cells was deliberately sensitized to this
failure mechanism by maintaining the control
rod blades in the test cells fully inserted
throughout the entire cycle. In addition the
test cell bundles in cycle 7 were incubated ii
low power core positions near the core
periphery in cycle 6 in order to maximize

their susceptibility to pellet-cladding
interaction failure. The power ramps that the
fuel rods experienced as a result of the
control rod blade pulls are shown in Figure 8.
These 5962 power ramp data points as a
function of exposure are superimposed in
Figure 9 on the non-barrier failure data of
Figure 6 to compare this impressive Quad
Cities Unit 2 demonstration to the known
failure data base. In cycle 8, which has been
completed with no fuel failures, the operating
restrictions were gradually removed. Ac an
example of improved operating flexibility
afforded by barrier fuel a xenon free startup
from hot standby achieved full power in 6
hours instead of the normally required 73
hours when operating restrictions were
necessary with non-barrier fuel. In addition
the reactor operated under economic generation
control during cycle 8 where power was
controlled within a 100 MW electrical band by
the load dispatcher between 83 and 98% power.
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With the introduction of barrier fuel the
pellet-clad interaction failure mechanism has
been eliminated in all General Electric
supplied barrier fuel designs.

That leaves only fretting failures and
inadvertent manufacturing flaws as sources of
failures and these have accounted for
approximately 15 fuel rod failures in over
3,000,000 8x8 General Electric fuel rods.
This is a reliability of approximately
0.999994.

In summary new designs for BWRs for
extended burnup to 38,000 MWd/MTU involve
longer residence times, but projecting the
current statistics with all the improvements
already in place indicates fuel rod
reliabilities of 0.999994 are achievable.
This reliability is equivalent to less than 3
fuel rod failures over the 40 year life of a
reactor.

These advances in core and fuel
technology coupled with the uranium supply,
enrichment technology and reactor system
optimization projections indicate a"very
favorable potential for nuclear fuel economic
performance relative to fossil fuels whose
non-renewable reserves will continue to
decline and whose environmental impacts are
becoming increasingly expensive.
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