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The New York Power Authority (NYPA) wanted to develop a
10-year schedule for refueling its Indian Point 3 Nuclear Power
Plant (IP3) that balanced fish protection, which occurs when
IP3 is shut down for refueling, and the costs of buying and
loading fuel. We developed a decision analysis model to com-
pare alternative strategies for refueling. It explicitly considered
key uncertainties associated with future operation: how well
IP3 operates, how long it takes to refuel, and when New York
State is likely to deregulate the electric utility industry. The
NYPA decision makers used the model to reinforce their
choice of a refueling strategy. They were not surprised that
more fish protection occurred with strategies that restricted the
starting date for refueling to the third week in May, rather
than allowing the starting date to float throughout the period
from May through August. However, the decision makers
were surprised that the more restrictive strategies also resulted
in lower costs.

The New York Power Authority
(NYPA) is the nation’s largest non-

federal public power organization, provid-
ing about one-fourth of the electricity used

in New York State. The NYPA owns 12
power projects. Approximately one-fifth of
its electrical power is generated by the In-
dian Point 3 Nuclear Power Plant (IP3), lo-
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cated on the Hudson River. Since 1975, IP3
has saved electric power users in West-
chester County and New York City more
than $1 billion.

IP3 withdraws 840,000 gallons of water
per minute from the Hudson River for
cooling steam and then returns it to the
river. When water is withdrawn from the
river between February and September so
are fish eggs and small fish. Some of the
fish do not survive as they pass through
the cooling water system of IP3 (entrain-
ment) because of temperature increases,
pressure changes, and shear forces. The ef-
fect of entrainment on fish populations in
the Hudson River has been the subject of
both extensive litigation and scientific re-
search [Dunning et al. 2000; Barnthouse et
al. 1988]. The NYPA can reduce the effect
of entrainment by scheduling plant shut-
downs to refuel IP3 when fish eggs and
small fish are most abundant in the Hud-
son River and taking those outages as
scheduled.

In the past, the NYPA prepared its refu-
eling outage schedules for IP3 using a 10-
year planning horizon, assuming the
operation and refueling of IP3 went ex-
actly as planned. However, unforeseen
events often altered operation and refuel-
ing, causing refueling outage schedules to
deviate from what was planned. In the fu-
ture, there is uncertainty about when New
York State will deregulate the electric util-
ity industry and the effect on the cost of
replacement power that the NYPA will
have to buy during refueling outages.
NYPA must systematically consider these
uncertainties to ensure that it can continue
to provide low cost power and can reduce
the environmental effects of operating IP3.

For these reasons, the NYPA decided to
use decision analysis rather than other ap-
proaches, such as mixed-integer program-
ming [Fourcade et al. 1997], to help it to
schedule refueling outages at IP3. The de-
cision analysis project started on October
23, 1997, and the NYPA required that it be
finished by December 4, 1997. Our deci-
sion analysis approach consisted of four
phases: framing, modeling, data collection,
and evaluation.
Framing

During the framing phase, we deter-
mined who would be involved in the pro-
ject, the scope of the analysis, and the im-
portant factors (alternatives, uncertainties,
and objectives) of the refueling outage
plan. The project team consisted of a core
group, subject matter experts, and decision
makers. We served as the core group; our
role was to conduct a decision analysis
that was responsive to the needs of deci-
sion makers. We used various decision-
analysis tools to organize and record the
results of the framing phase. These in-
cluded a decision-quality spider diagram,
a decision pyramid, an objectives hierar-
chy, a strategy table, a decision tree, and
an influence diagram.

We determined the scope of the project
by developing a mission statement and by
clearly defining the decisions and their
boundaries. We constructed the mission
statement by considering four questions:
what are we going to do, why are we do-
ing this, how will we know we are suc-
cessful, and how can we fail? The result-
ing mission statement was as follows:
—Identify strategies for scheduling refuel-
ing outages at IP3 over the period 1999
through 2008 that range from unrestricted



NEW YORK POWER AUTHORITY

September–October 2001 123

operation, in which outages can begin at
any time and protection of fish eggs and
small fish is not a concern, to restricted
operation, in which outages must begin
during a specified week and the primary
concern is maximizing protection of fish
eggs and small fish,
—Develop a decision-analysis model for
comparing the cost and amount of fish
protection associated with the refueling
strategies based on information provided
by the experts at the NYPA and the level
of confidence they have in that
information,
—Compare the refueling strategies in
terms of cost and fish protection, and
—Provide, by December 4, 1997, the re-
sults of the decision-analysis model to the
NYPA decision makers.

During the first week of the project, we
listed decisions that could affect the mis-
sion. We then categorized each decision as
policy, strategic, or tactical to help bound
the NYPA’s problem and focus our atten-
tion at the right level. A decision pyramid
[Matheson and Matheson 1998] helped us
to organize the three categories of deci-
sions (Figure 1).

The strategic decisions were the focus of
our project. The two key decisions were
the time of year that refueling outages
should occur and the amount of fuel that
should be ordered for loading into the nu-
clear reactor core of IP3 at the start of an
operating cycle to allow operation for a
target number of days. Refueling outages
for Cycles 10 through 14 were scheduled
to occur in the years 1999, 2001, 2003,
2005, and 2007. The time of year that the
outages occur affects the level of fish pro-
tection, while the amount of fuel loaded

affects the cost of operation.
Policy decisions represented corporate

philosophy at the NYPA. They provided
guidance for the decision analysis but
were not to be evaluated in our study. The
policy decisions were as follows: the
NYPA would continue to operate IP3 for
at least 10 years; it would refuel IP3 once
during every two-year operating cycle; it
would schedule refueling outages to last
50 days during the three consecutive two-
year operating cycles starting in 1999 (Cy-
cles 10–12) and 35 days in Cycles 13 and
14 to allow for anticipated refueling effi-
ciency improvements; and it would not
schedule maintenance outages at IP3 in
addition to the refueling outages.

The tactical decisions were beyond the
scope of our project. They represented al-
ternatives that may have to be considered
subsequent to the strategic decisions. By
organizing the set of decisions into a deci-
sion pyramid, we benefited from a simple
tool that focused our attention on the two
important strategic decisions: timing of

Figure 1: This decision pyramid for the New
York Power Authority’s Indian Point 3 Nu-
clear Power Plant (IP3) defines the scope of
the analysis by focusing attention on the key
strategic choices. We assume that policy deci-
sions are given. Tactical decisions are to be
made in the future.



DUNNING ET AL.

INTERFACES 31:5 124

Figure 2: The objectives hierarchy shows the
objectives and performance measures we used
to compare strategies for scheduling refueling
outages at the New York Power Authority’s
Indian Point 3 Nuclear Power Plant.

outage and amount of fuel loaded in each
cycle. This prevented us from creating a
large, unmanageable decision model that
we could not finish on time. It also pre-
vented us from solving the wrong
problem.

We identified the important issues re-
lated to scheduling of refueling outages
and categorized them as objectives, strate-
gies, or uncertainties. We organized our
objectives into a hierarchy [Keeney 1992].
The fundamental objective was to maxi-
mize the overall benefit from planned re-
fueling outages (Figure 2). This objective
was composed of two subobjectives: to
minimize the total cost of the outages and
to maximize the fish protection that the
outages provided. Although we could
have included factors other than cost and
fish protection in our analysis, these two
were most important to the decision mak-
ers. Also, we thought adding further fac-
tors might prevent our completing the
project by December 4.

The cost objective was itself composed
of three objectives: to minimize the cost of

buying replacement electricity when IP3
was shut down for refueling, to minimize
the amount of unused fuel in the reactor
at the end of each operating cycle, and to
minimize the amount of time that IP3
would operate at less than full power be-
fore the next refueling outage. The perfor-
mance measure we used for the cost objec-
tive was net present value (NPV) of future
costs for 10 years, using an annual dis-
count rate of 6.5 percent.

The NYPA has contracts to provide elec-
tricity to its customers. When IP3 is shut
down for refueling, the NYPA must buy
electricity to replace the electricity it is not
producing. The NYPA operates IP3 so as
to minimize the purchase of replacement
electricity. Therefore, we included the cost
of replacing electricity during refueling
outages in our analysis. We did not in-
clude the cost of replacing electricity dur-
ing unscheduled outages because we as-
sumed that it would be the same for any
refueling strategy.

Before each cycle, fuel is loaded into the
nuclear reactor core of IP3 to allow opera-
tion for a target number of full power
days (FPDs). If a refueling outage occurs
before all of the fuel is used, some of the
remaining fuel cannot be used for future
operation. The NYPA strives to minimize
the amount of unused fuel and thus the
cost of buying fuel that is not used for
producing electricity. The unused-fuel
cost is the expense of not using all of the
FPDs.

If IP3 operates at full power for a
greater number of days than expected, the
fuel will not last until the next scheduled
refueling outage. Starting a refueling out-
age before it is scheduled creates problems
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that the NYPA does not consider accept-
able. Rather than start a refueling outage
earlier than scheduled, the NYPA can ex-
tend the operation of IP3 to the scheduled
starting date by reducing power genera-
tion from 100 percent to 70 percent in the
20 days before the outage, a process
known as coast down. The cost of coast
down is the penalty associated with run-
ning IP3 at less than full power, measured
by the cost of replacement power needed
to compensate for reduced power
production.

The performance measure for fish pro-
tection is the sum of the average percent
reduction (APR) in the conditional entrain-
ment mortality rate (CEMR) at IP3 across
five taxa (types) of fish over the 10-year
period from 1999 through 2008. CEMR is
the fractional reduction in abundance of a
fish taxon in the Hudson River due to en-
trainment of fish eggs and small fish, as-
suming other sources of mortality are den-
sity independent, that is, there is no
compensatory increase in survival or
growth that would offset entrainment
mortality.

We considered five taxa of fish in this
project: white perch, striped bass, river
herring, bay anchovy, and Atlantic tom-
cod. Prior to the start of this study, the
stakeholders (the NYPA, state and federal
regulators, and environmental advocacy
groups) jointly selected these five taxa to
evaluate the effects of operating power
plants on the Hudson River [Coastal Envi-
ronmental Services, Inc. 1996]. Eggs and
small fish of these five taxa are found in
the Hudson River near IP3.

We defined the APR in CEMR as the
simple average of the annual percent re-

ductions for the five taxa of fish. The APR
in CEMR for each taxon is the annual
CEMR at IP3 resulting from plant shut-
down during an outage divided by the
maximum annual CEMR assuming no out-
age occurred. Using this definition, each
taxon contributes equally to the annual av-
erage, regardless of the number of fish of
that taxon in the Hudson River, that is,
taxa are inversely weighted by their abun-
dance. This inverse weighting was selected
by default after the stakeholders were un-
able to agree on a system for prioritizing
taxa based on their relative abundance or
other criteria. However, our analysis was
intended to address the perceived need for
fish protection agreed to by the stakehold-
ers, not to debate the merits of their
decisions.

We summed the APR in CEMR at IP3
across the 10-year period of a refueling
strategy to estimate the cumulative APR
(CAPR) in CEMR. We did not discount
APR in CEMR as we did with total cost
because we assumed that fish would have
the same value in future years.

The maximum annual CEMR at IP3 dif-
fers among taxa as do the weekly contri-
butions to the annual CEMR (Figure 3).
The percent reduction in CEMR for a
taxon will be highest if an outage occurs
during the weeks that contribute most to
the maximum annual CEMR. However,
those weeks differ among taxa. The
weekly contributions for all taxa occur
within a 32-week period (window) from
week 7 (the second week in February) to
week 38 (the second week in September).
Thus, a 32-week outage scheduled from
week 7 to week 38 would result in an APR
in CEMR of 100 percent; all other outages
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Figure 3: This figure shows the relative contribution by week to the maximum, annual condi-
tional entrainment mortality rate (CEMR) for five taxa of fish at the New York Power Author-
ity’s Indian Point 3 Nuclear Power Plant (IP3). If IP3 did not operate during the 32-week win-
dow, the CEMR for each taxon would be reduced to zero.

would result in a value less than 100 per-
cent. If no outages occurred during that
32-week period, the APR in CEMR would
be zero percent. For short-duration out-
ages, moving the starting week of the out-
age to late spring will produce a relatively
higher APR in CEMR. The highest percent
reduction in APR of CEMR for a 35-day or
a 50-day outage occurs if the outage be-
gins during the last full week in May.

We used strategy tables [Clemen 1996]
to organize the refueling strategies we de-
veloped and selected five that represent a
range of operating restrictions for further
analysis: unrestricted operation, 32-week,
16-week, fixed 2001, and fixed 1999.

In the unrestricted-operation strategy,
refueling outages are scheduled every two
years, but actually occur at the end of full-
power operation, whenever that happens.

Thus, the starting date of the outage does
not necessarily adhere to the schedule.
This strategy represents how IP3 has oper-
ated in the past and serves as a baseline
for comparison with the other strategies.

In the 32-week strategy, NYPA sched-
ules refueling outages within the 32-week
period when fish eggs and small fish of all
five taxa would be entrained, that is, a
window of weeks 7 to 38 (Figure 3). A re-
fueling outage for the 32-week strategy
starts at the end of full power operation or
as close to the end as possible with the
constraint that the entire outage occurs
within the window. That is, refueling out-
ages start from week 7 through week 31
for a planned 50-day outage and from
week 7 through week 33 for a planned 35-
day outage. This is the second least restric-
tive strategy and is intended to provide
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more fish protection than the unrestricted-
operation strategy.

In the 16-week strategy, NYPA sched-
ules refueling outages within a 16-week
period beginning with week 21. Refueling
outages scheduled to last 50 days can start
in weeks 21 through 29 and those sched-
uled to last 35 days can start in weeks 21
through 31. During this 16-week period,
more fish eggs and small fish would be
entrained than in the remaining 16 weeks
of the 32-week period. This strategy is
more restrictive because the window is
half the size of the 32-week strategy and is
intended to provide greater fish
protection.

In the fixed 2001 strategy, the 1999 refu-
eling outage was expected to start near the
beginning of September 1999 (depending
on how well IP3 operated). Subsequent re-
fueling outages are constrained to start
during the last full week of May, begin-
ning with the 2001 refueling outage and
then in odd years thereafter. The fixed
2001 strategy is more restrictive than the
16-week strategy and is intended to pro-
vide greater fish protection. This strategy
allows IP3 to operate until the end of
FPDs in 1999, starting a refueling outage
then, and imposing a strict outage win-
dow for future outages.

The fixed 1999 strategy differs from the
fixed 2001 strategy only in that the 1999
refueling outage was expected to start
during the last full week of May 1999
rather than in September 1999. This strat-
egy is more restrictive than the fixed 2001
strategy and is intended to provide maxi-
mum fish protection for the 10-year plan-
ning horizon with the planned outages.
The fixed 1999 strategy stops operation of

IP3 before the end of FPDs in 1999, but it
also provides maximum fish protection
immediately.

We identified three uncertainties that
were likely to have the largest effect on
total net present value (NPV) cost for the
five refueling strategies: how well IP3 op-
erates (operating factor), how long it takes
to refuel IP3 (outage length), and when
New York State is likely to deregulate the
electric utility industry (Figure 4).
Modeling

The two key strategic decisions concern
the timing of the refueling outages and
how much fuel to order for the next cycle
(Figure 1). Since their timing determines
the fish protection outages provide, we
addressed the alternatives explicitly in a
decision tree (Figure 5). We modeled the
amount of fuel loaded at the beginning of
each cycle as a calculated value in the cost
model, assuming that IP3 operated at full
power in that cycle except during the refu-
eling outage.

For each refueling strategy, we com-
puted total cost (NPV) and fish protection
(CAPR in CEMR) for all combinations of
uncertainty states. We then weighted each
scenario through the tree by its probabil-
ity, resulting in a distribution of total cost
and fish protection for each refueling strat-
egy. We used the expected values of the
resulting probability distributions to com-
pare refueling strategies. We computed
these scenarios with DPL [ADA Decision
Systems 1995] linked to an Excel spread-
sheet. We used the simulation and code-
conversion features of DPL to reduce our
run time on a 486 machine from approxi-
mately 30 minutes for complete enumera-
tion to less than two minutes with negligi-
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Figure 4: In this influence diagram showing the important factors and relationships in the New
York Power Authority’s problem, the rounded rectangular nodes represent objectives, the rec-
tangular nodes represent refueling strategies, the oval nodes represent uncertainties, and the
arrows represent relationships. We used net present value (NPV) of future cost as a measure of
total cost and cumulative average percent reduction in conditional entrainment mortality rate
(CAPR in CEMR) as a measure of fish protection. We considered five refueling strategies: unre-
stricted operation, 32-week, 16-week, fixed 2001, and fixed 1999. Uncertainties include operating
factors (OF10a1, OF10a2,. . .), outage lengths (OutLen10A, OutLen11a,. . .), and deregulation
year. The operating factor is the amount of power IP3 generates divided by the maximum pos-
sible power it could generate. The maximum is based on the assumption that IP3 operates at
full power during the entire cycle except during the refueling outage. OFia1 is the actual oper-
ating factor for cycle i from the time IP3 starts producing electricity until the NYPA determines
how much fuel to order for the next cycle. OFia2 is the actual operating factor for cycle i after
the fuel is ordered and until the next refueling outage. Although IP3 operators plan for high
operating factors, the actual operating factor is uncertain. Outage length is the number of days
IP3 is shut down for replacing fuel rods in the nuclear reactor core. Outlenia is the actual out-
age length for cycle i, as opposed to the planned outage length of 50 or 35 days. The US electric
utility industry is deregulating, but the pace of change varies by region. When deregulation
will be complete in New York is uncertain.

ble change in the expected value and the
cumulative risk profile.

The cost model contains additional
model variables (constants and calculated

values) that define the timing of the
NYPA’s 730-day cycle (Figure 6). We cap-
tured the logic of the timing in a spread-
sheet that computes both cost and fish
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Figure 5: This schematic decision tree with over 200 million endpoints shows the scenarios to
be evaluated for each of the New York Power Authority’s refueling strategies for the Indian
Point 3 Nuclear Power Plant. Uncertainties include operating factors (OF10a1, OF10a2,. . .,
OF14a2), outage lengths (OutLen10a, . . . , OutLen14a), and deregulation year.

Figure 6: This timeline defines the timing logic of the 730-day cycle at the New York Power
Authority’s Indian Point 3 Nuclear Power Plant. Cycle i begins when IP3 starts producing elec-
tricity (OutEndActi�l) and ends when refueling is complete (OutEndActi). The cycle includes
the days IP3 is producing electricity and the days IP3 is shut down for refueling (Outlenia). The
NYPA determines how much fuel to order for loading into IP3’s nuclear reactor core for the
next cycle 396 days prior to the scheduled refueling outage for the current cycle. The date when
the fuel is ordered is the Orderidate. For the 730-day cycle, we chose the Monday of week 21
(the last full week in May) as a fixed reference of each cycle (ROidate). We also fixed the Orderidate
since it is 396 days before the scheduled refueling outage date (ROidate). We divided the cycle
into two periods, one before the Orderidate (DaysBeforei) and one after that date but before the
ROidate (DaysAfter). IP3 can actually shut down for refueling (OutStartActi) before, after, or on
the ROidate, depending upon how well it operates relative to its target. If the actual operating
factor falls below the target operating factor for a cycle, IP3 will continue to operate beyond the
scheduled refueling date until it must shut down to stay within the window of a refueling
strategy. If the actual operating factor exceeds the target operating factor, it will have to shut
down before the scheduled refueling date if it maintains full power throughout the cycle. In
this case, IP3 operated more efficiently than expected and can continue to operate only at a re-
duced power level (derated). If IP3 does not coast into the refueling strategy’s window, then it
must shut down early and wait until the planned outage begins.

protection for each scenario of the decision
tree for any setting of model variables.
The appendix contains additional details
on the model variables and logic.
Data Collection

We collected data on the operating fac-
tor, the outage length, the expected year
for deregulation, and replacement-power
cost from experts in the NYPA, including

core group members, senior managers,
and nuclear plant operators. For most of
the uncertainties, we used a six-step prob-
ability assessment process [Merkhofer
1987 and Spetzler and Staël von Holstein
1975] to encode probability distributions
from experts. The process consisted of the
following steps:
(1) Motivating, in which we described the



DUNNING ET AL.

INTERFACES 31:5 130

assessment task and its importance to the
subject-matter experts, and counteracted
motivational biases;
(2) Structuring, in which we clearly de-
fined the variables, assumptions, and mea-
surement scales;
(3) Conditioning, in which we drew out
the subject-matter expert’s knowledge con-
cerning the variable and counteracted cog-
nitive biases [Russo and Schoemaker 1990
and Kahneman, Slovic, and Tversky
1982];
(4) Encoding, in which we quantified the
variable’s uncertainty as a cumulative
probability distribution by assessing ex-
treme values (first and 99th percentiles)
and five to 10 values in between the ex-
treme values;
(5) Verifying, in which we confirmed that
the distribution accurately reflected the be-
liefs of the expert; and
(6) Discretizing, in which we selected the
10th, 50th, and 90th percentiles of the en-
coded cumulative probability distribution.

The NYPA establishes target operating
factors and target outage lengths for each
cycle as part of its business plan. How-
ever, it cannot forecast actual operating
factors and actual outage lengths for each

cycle with complete certainty. To reflect
this uncertainty, we encoded values for
the actual operating factor and outage
length that the operators of IP3 and other
NYPA experts expected, and their confi-
dence in those values. From the resulting
cumulative probability distribution, we se-
lected the 10th, 50th, and 90th percentiles
for use in the decision tree. We conducted
each probability assessment in approxi-
mately three hours using the six-step
process.

For all cycles, the likelihood of operat-
ing at an operating factor lower than the
target is greater than that of operating at
or above the target. As a result, to main-
tain a predetermined schedule, the NYPA
has a higher probability of discarding un-
used fuel than of running out of fuel and
coasting down.

The probability assessment for outage
length indicates that the NYPA experts
may be overconfident because the spread
in the distribution narrows in the future
(Table 1). Generally, experts are less sure
of events far into the future than they are
of near events. In addition, they may show
motivational bias because the actual val-
ues of operating factor and outage length

Operating Factor (%) Outage Length (days)

Cycle 10th 50th 90th Target 10th 50th 90th Target

10 80 85 92 90 50 65 90 50
11 83 88 95 90 40 55 70 50
12 85 90 97 95 35 50 65 50
13 85 90 97 95 35 45 60 35
14 85 90 97 95 35 40 50 35

Table 1: We obtained the 10th, 50th, and 90th percentiles and target values for operating factors
and outage lengths for Cycles 10 through 14 at the Indian Point 3 Nuclear Power Plant from
1999 through 2008 from New York Power Authority experts using a six-step probability assess-
ment process.
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Figure 7: These monthly estimates of the cost
of buying replacement power for the Indian
Point 3 Nuclear Power Plant were forecast by
the New York Power Authority before dereg-
ulation of the electric utility industry.

move toward target values. We made the
NYPA experts aware of these biases, but
they stood by their assessments because
they expect IP3 to become more efficient
in the future.

Even though the NYPA could not fore-
cast the precise timing of deregulation of
the electric utility industry, we did not use
the six-step probability assessment process
because of time constraints. Instead, we
assessed the 10th, 50th, and 90th percen-
tiles directly from the core group, result-
ing in years 1999, 2000, and 2002. Approx-
imating the probability distribution of a
continuous variable with these three per-
centiles is common in practice. For future
revisions of the analysis, we recommend a
more thorough review of the factors sur-
rounding the deregulation year and result-
ing purchase power prices.

Before deregulation, the NYPA forecasts
that replacement-power cost will continue
to vary monthly (Figure 7), It expects the
highest values from November through
March. It also expects higher values dur-
ing July and August than in April, May,

June, September, and October. We thought
it impractical to conduct probability as-
sessments on replacement-power cost for
each month of each cycle.

The electric utility experts we inter-
viewed, both within and outside of the
NYPA, believed that the current seasonal
differences in replacement power are
likely to diminish in the area IP3 serves as
energy providers try to capitalize on the
higher price that they can get for power
during certain seasons. As the supply of
electricity increases to meet demand dur-
ing the higher-priced seasons, prices will
come down. Precisely how much seasonal
replacement-power costs will change will
be known only after deregulation. For our
analysis, we assumed that after deregula-
tion the cost of replacement power would
be constant throughout the year. We also
assumed that the cost of replacement
power after deregulation would be equal
to the average across all months before de-
regulation. As a result, the month during
which a refueling outage starts is a factor
in determining the replacement power
contribution to total NPV cost before, but
not after, deregulation. We also assumed
that the cost of replacement power after
deregulation would not escalate during
our 10-year planning horizon to reflect the
price control that deregulation is expected
to provide.
Evaluation

We performed analyses to explore the
performance of each strategy against the
two primary objectives of cost and fish
protection. We presented the results to de-
cision makers and gave compelling evi-
dence that highlighted the key drivers of
the results and the differences between the
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strategies. Although the analysis ac-
counted for the range of possible out-
comes for each strategy, in our presenta-
tion we emphasized the expected values of
the outcome distributions.

The rank order of the refueling strate-
gies differs depending on the performance
measure. No single strategy simulta-
neously minimizes the expected NPV cost
and maximizes the expected CAPR in
CEMR (Figure 8). Early in the project, we
tried to convince the NYPA decision mak-
ers to specify the trade-offs between cost
and fish protection but were unable to do
so. Rather than force this, we recognized
that we could infer this trade-off later
since the analysis was limited to two
objectives.

We presented the rankings of the strate-
gies to the NYPA decision makers without
explicitly weighting cost and fish protec-
tion. The 16-week and 32-week strategies
were dominated by the fixed 2001 strat-
egy. Therefore, we compared the remain-

ing three strategies. Unrestricted operation
cost $5.3 million less than the fixed 2001
strategy because the savings associated
with operating until the end of FPDs out-
weighed the cost of buying more expen-
sive replacement power. However, it pro-
vided fish protection well below a
standard previously accepted by the
NYPA, a CAPR in CEMR of 204 based on
the Hudson River Cooling Tower Settle-
ment Agreement [Barnthouse et al. 1988].
Fish protection above this standard was
provided by both the fixed 2001 and the
fixed 1999 strategies. The NYPA decision
makers chose the fixed 2001 strategy be-
cause it met the previously accepted stan-
dard for fish protection at a cost savings of
nearly $10 million. Despite the absence of
explicit weighting among objectives, the
NYPA decision makers drew on the in-
sights from the decision analysis modeling
to reinforce their choice of a refueling
strategy.

The decision analysis provided new in-
sights for scheduling refueling outages at
IP3. Historically, the NYPA decision mak-
ers believed that strategies allowing refu-
eling outages to start within a fixed period
of many weeks were better than those that
required refueling outages to start within
a particular week. They wanted refueling
outages to start when scheduled, and past
refueling outages had often started at
times very different from those initially
scheduled. For the future, it seemed rea-
sonable to assume that the probability of
starting refueling outages at the end of
FPDs within a fixed period of weeks was
considerably higher than the probability of
starting them during a particular week.
However, the 16-week and 32-week strate-

Figure 8: The relative rank of five refueling
strategies for the New York Power Authority’s
Indian Point 3 Nuclear Power Plant is based
on both expected net present value (NPV) of
cost and fish protection, expressed as the ex-
pected cumulative average percent reduction
in the conditional entrainment mortality rate
(CAPR in CEMR). Both lower values of NPV
cost and higher values of CAPR in CEMR are
better.
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gies did not guarantee that IP3 could op-
erate until the end of FPDs. These strate-
gies also resulted in two of the five
outages that occurred during weeks when
replacement power was higher than dur-
ing the weeks associated with the fixed
2001 strategy.

Another insight from the analysis was
that operators and decision makers dif-
fered in their forecasts of operating factors
and outage length durations, an insight
that fueled discussion and attempts to re-
solve these differences.

Finally, even though NYPA decision
makers had been comfortable with their
assumptions about replacement power,
they were surprised at how much re-
placement power affected the results of
the analysis. Consequently, they are con-
sidering further study of replacement
power.
Conclusion

The NYPA accepted our decision-analysis
model as a major improvement in the ap-
proach it used for scheduling outages to
refuel IP3 because the model accounts for
key uncertainties in the refueling schedule
and provides a systematic approach for si-
multaneously evaluating the cost of refuel-
ing outages and fish protection. It also
provides the NYPA with a tool for ex-
plaining its selection of a refueling outage
schedule to other stakeholders. As a result,
the NYPA used our model in developing a
schedule for refueling outages at IP3 over
the 10-year period 1999 through 2008. The
approach we used is generally applicable
to other electric utilities that must evaluate
options for operating power plants when
faced with competing objectives and sig-
nificant uncertainty.
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APPENDIX

The appendix contains the details of the
quantitative model that computes cost and
fish protection for any scenario in the deci-
sion tree, including the equations and
variable definitions that describe the un-
derlying cost model. We implemented the
cost model in an Excel spreadsheet and
evaluated the scenarios for each strategy
with DPL linked to Excel.

DaysBeforei is the number of days in cy-
cle i before the Orderidate, and it depends
on the scheduled refueling outage date for
cycle i (ROidate), when the previous cycle
ended (OutEndActi�l), and the number of
days in cycle i after the Orderidate
(DaysAfter):

DaysBefore �RO datei i

�OutEndAct �DaysAfter.i�l

FPDi is the amount of fuel loaded into
the nuclear reactor for cycle i at the
Orderi�ldate:

FPD � (DaysPerCycle � OutLen ti i�l

� DaysXtra ) * OF t.i�l i

DaysPerCycle is 730 days. OutLenit is the
target outage length for cycle i. OFit is
the target operating factor for cycle i.
DaysXtrai estimates the number of extra
fuel days in cycle i at the Orderidate and
depends on how much fuel is loaded into
the core for cycle i (FPDi), how well IP3
operates before the Orderidate, and how
well IP3 is expected to operate after the
Orderidate:

DaysXtrai � [FPDi � (DaysBeforei

* OFial � DaysAfter * OFit)]/OFit.

OutStartActi is when IP3 actually shuts
down for its refueling, and it depends on
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how well IP3 operated relative to its
target:

OutStartAct �i

RO date � Balance � CoastDays ,i i i

balance � 0,i

RO date � DaysOutWin ,i i�
balance � 0.i

Balancei is the amount of fuel left in core
at the completion of cycle i and CoastDaysi

is the number of days that IP3 can coast in
cycle i:

Balance � FuelLeft �i i

(DaysOutWin * OF a2).i i

FuelLefti is the number of days of nuclear
fuel left in the core in cycle i on the ROidate
and is the difference between the amount
loaded into the core in cycle i and the
amount of fuel actually used:

FuelLefti � FPDi � (DaysBeforei

* OFial � DaysAfter * OFia2).

DaysOutWini is the number of days that
IP3 could operate in cycle i beyond the
ROidate but still remain within the win-
dow of a refueling strategy:

DaysOutWini �

FuelLeft /OF a2,i i

unrestricted operation
Min{FuelLeft /OF t, Wini i

�OutLen t, HiWin �RO date � OutLen t},i i i i

16-week and 32-week
Min{FuelLeft /OF t, HiWini i i�
�RO date � OutLen t},i i

fixed 2001 and fixed 1999.

Win is the window of a refueling strategy.
LoWini and HiWini are the earliest and lat-
est dates in cycle i for this window.

We determine the amount of fish protec-
tion using OutStartActi and OutEndActi as
inputs (Figure 3). Total cost is the sum of
replacement-power cost, unused-fuel cost,
and coast-down cost. We determine
replacement-power cost before deregula-
tion using monthly replacement-power
cost values (Figure 7) with OutStartActi

and OutEndActi as inputs. After deregula-
tion, replacement power is a constant.
Unused-fuel cost is the product of Balancei

and a daily fuel value. Coast-down cost is
the amount IP3 is derated using CoastDaysi

and replacement-power cost as inputs.
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