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A methodology that determines the optimal shutdown time of a nuclear power plant is suggested. The
shutdown time js decided considering the trade off between the cost of accident and the loss of profit due
to the early shutdown. We adopt the bayesian approach in manipulating the model parameter that -
predicts the accidents. We build decision tree models and apply dynamic programming approach to decide
whether to shutdown immediately or operate one more period. The branch parameters in decision trees
are updated by bayesian approach. We apply real data to this model and provide the cost of accidents that

guarantees the immediate shutdown.

1. Introduction

In operating a nuclear power plant we must consider
when is the optimal time to shutdown a nuclear
power plant. The shutdown time has to be chosen
considering the trade-off between the possible waste
of money resulting from the early shurdown and the
risk of accident that may be caused by extending the
operational period. Two extreme shutdown points
exist. One is to shutdown immediately which guarantees
no accidental cost. The other extreme is to operate

until we meet an accident. Depending on the cost of -

accidents and the cost of early shutdown we want to
find the optimal shutdown time between those two
‘extremes that minimizes the cost. We choose the
dynamic programming approach that decide whether
to shutdown immediately ot to operate one period of
time and then periodically repeat the decision process
with additional information about future costs and
risks. We adopt Bayesian approach in updating the
branch probabilities. At each step we consider only
two alternatives which are shutdown and continued
operation. We assume that costs and probabilities of
various levels of risk are updated as we proceed in
time through the decision tree. We develop a model
to make a optimal shutdown time decision for a

one-petiod problem and then extends it to the
general T-period decision problem.

2. Modeling for deciding the optimal
shutdown time

2.1 The one-period decision problem

Consider the decision tree in figure 1 which
represents the decision and events in a single period.
A rectangle denotes the decision node and a circle
denotes a random state. At the beginning of the first
year we decide whether to shutdown the plant
immediately (D=1) or to operate one year (D=0). If
we shutdown the plant immediately, we must pay
off the unpaid balance of the total construction cost,
C. If we operate the plant for one year there may be
a severe accident with probability po. If the f

_denotes the information set (available and relevant

data) at the end of year 0 (beginning of year 1) and
X denotes the uncertain time to the next severe
accident with known density a(x|l)) then the
probability of an accident, gy, can be determined by
integrating p(x| Io) over one year. In the branch that
includes an accident, we add a large cost Ca that
includes cleanup costs, possible loss of life, treatment
of survivors, damage of equipment, environmental
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Figure 1. The one-petiod shutdown or continue
decision.

contamination, and so forth. Whether an accident
does or does not occur we must also pay off the
unpaid balance of the construction cost (plus
interest) at the end of each year. We obtain revenues
from the sale of electricity, while we use funds.to pay
the cost of operation and maintenance, Cy.- Typically,
with a nuclear plant the net revenue obtained by
operating a plant for one year is small compared to
the large value of Ca. In what follows we will assume
that annual revenue compensates for the operation
and maintenance cost, and planned amortization of
the construction cost, A. These notations are summarized
as followings;

C : total construction cost

Ca : cost associated with an accident

Cw  cost of operation and maintenance
7. annual interest rate

A : amortization of the construction cost

It may be very difficult to figure out every cost
relevant to the operation of power plant and
occurrence of accident. But all costs can be
categorized into one of the above classification, and
to show the way of finding out the optimal decision
through decision tree considering the probability of
accident we simplify the cost factors like the above.
The amortization, A, is determined by the, total
construction cost C, the annual interest rate 7, and
the number of payment periods 7. The cost for 2
case with no accident is determined by the toral
expense minus total revenue. The total expense is
sum of total construction cost plus interests and cost
of operation and maintenance; C(1+ )+ Cu. The
total revenue covers the cost of operation and
maintenance and the planned amortization; Cu+ A.
Hence the cost for a case with no accident is {C(1+
N+ cout-{CutA} =C1+n-A=C-4C
where AC denotes the reduction in principal:due to
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one year's installment payment of the construction
cost plus interest. When the cost associated with

- shutdown is C, the expected cost associated with

continued operation is py (C — 4C+ Ca)+(1— pXC
— AC) ; this. number can be compared with the
certain cost of shutdown, C, to yield:

shatdown, if gy (C+ Ca— 40+ (11— ) (C—40)>C
operate, if g (C+ Ca— 40)+(1—2XC-40) < C

which tells us that the probability of a severe
accident must be greater than AC/Ca if we are to
shutdown the plant. If the reduction in principal is
approximately $500 million and the cost of cleanup
is between 1 and 2 billion (say 1.5 billion) then the
probability of a- severe accident must exceed one
third before shutdown is indicated. To put it in a
slightly different perspective, only when the expected
cost of eleanup, lost lives, decommissioning exceeds
$100 billion will we find that small probabilities of
the order of 0.005 warrant the decision to shutdown
in one period.

As we see from the above we may have different
decision depending on the cost of accident. It is very
disputable and difficult problem to assess the related
cost, especially the cost of accident that includes the
cost of loss of lives. In reality, some country like
Australia shutdown the nuclear power plant right
after construction because of strong opposition move-
ment of public. In this case we can consider the huge
cost of accident that compensates the small prob-
ability of accident is taken. :

2.2 The T period decision problem

The multi-period problem differs only slighdy
from the one-petiod problem formulated above. We
must now include an index to denote which time
period we are considering and also how the costs and
probabilities. vary over time. The time dependency
that must be explicitly recognized is the changing

_ costs structure which must reflect changing debt

levels, operating and maintenance costs, values of
life, relocation, decommissioning etc. In the case of
the probabilities, they must be correctly updated to
reflect the particular branch of the decision tree
being used. For example, if we are in the seventh
year of operations with no accident history in any of
the preceding seven years, then the decisions and
probabilities in period 8 should explicitly recognize
that no accidents have occurred up to that time. On
the other hand, if a history of incidents is fikely to
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influenice the occurrence of future accidents then that

knowledge should also be brought into the updating

process. Another important fact that should be
reflected into the updating process is the so called
aging effect. The failure rate of an accident in 2
specific plant is influenced by the time-dependent
agents such as repeated demand, or continuous
acting of the components in a reactor. The degra-
dation of a component resulting in the loss of
function or reduced performance caused by some
time-dependent agent or mechanism is called aging.
The change in the component failure probability
resulting from the degradation due to such aging
will be monotonically increasing with time (Meal and
Satterwhite, 1988). Therefore as we operate the
plant Jonger with no accident, the probability of
severe accident will decrease recognizing that severe
accidents are less likely, but at the same time the
reactor gets older so that the severe accident is
increasingly likely. These two conflicting effects
must be appropriately considered in the updating
process. o

It is customary .to require that the ,construction
cost be paid off in a finite numbser of yeas, say 7=
30 years with a constant annuity (amortizazion),_ A;
the unpaid balance (the cumulative amount of debt)
decreases slowly eatly in the life of the design
lifetime and more rapidly towatds the end. Let C;
denote the balance of the construction cost
remaining at the end of year 4, with Cy=C. The

balance of principal and interest owed on the.

construction cost at the end of year i +1 is Cinn=C;
—4C;, i= 0, 1, ..., T—1 where, as we have already
mentioned, 4Cy, < AC) ... <ACp-., teflects the
fact that eatly in the life of the loan there is a
relatively small reduction in principal balance by
comparison with later years. Generally, ar the end of
year 7, we have a dedcision tree each of whose
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sub-trees resembles the ones used in Figure 1 and 2.

2.3 Assessment of branch parameters

- We allow the arrival rate of severe accident to be a

function of the age of a reactor, and assume it
increases monotonically as the reactor gets older. In
this paper we assume that the aging effect is linear in
time. Then the intensity function that represents the
atrival rate of severe accident when reactor is ¢ years
old, 2, t=0, can be expressed as A;= A (1+ b
where b is the deterministic value that denotes the
coefficient representing the increasing pattern of the
failure rate as the reactor becomes older, and J is the
unobservable random varable that denotes the
arrival rate of severe accident when the reactor is
new. If 5 is one, the failure rate becomes twice in a
single period, and if 4 is 0.1, the failure rate becomes
twice in ten years. '

Let #(t) be the number of severe accidents in time
period (0, ». When we assume »(z) given time
independent failure rate, 2, is 2 Poisson process, the
counting process {z(¢), #=0} becomes a nonhomo-
geneous Poisson process with intensity function " A,.
Fweler '

W= fofrisds

then, {n(z+s) — n(#)} is Poisson distributed with
mean ;i — my(Ross, S. M., 1983). We assume
that A is Gamma distributed with parameter a, 8 ;
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The gamma assumption can be justified noting that
2 system provided with many redundancies tends to
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Figure 2. Two-Period Decision Tree.
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burich up roward the bow probabiliey of failoee. A
garmry, disctibnetion when the ratdfo of mean o
standard devindon is grearer than 1 is puaraneeed o
bell shaped postrive skewed diseefburton. Then i can
be showe thar the inrensity function 3, given b and ¢
15 also Gagmma disceibureed with patameret o, and

Ay

&= &
A+ (+ e
4 1+ bt

As we have explained betore, the likelihood of the
coamnber of accideeis in cercain tme petiod given the
frrensiy firrwtion s Poissor with mean chrained by
frregraring the fnrensity function over approptiate
peticds. The posweior distriburion of the forensy
firrtion with cheerved counes of arcidenss w{g ¢+ 2
ity thne petiod (¢ 1§ can be spproximared by a
Gamma, distebirion with paramerees o, = 2,
+nlt i+ and 8, = #,+ 5 thetime inerval
5 15 srnpdl The prediceive distebarion can be chmined
ity a closed foom by inregraring our the veohservable
patamerer 2, and we ger

Prob.{ arciderr in apetiod | teactor age = &

=p’=1_f1mjum

—Ax x—1 —4&23
Age U A By s
R
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We caty see thar the paramerer updating scheme and
the method for chraining prediceive distednation for

firnmee tisks take rare of the aging effects as well as
the informerton provided by cperating experietres.

3. Application to real data

Let’s assune thar the teactot 5 new ar the beginning
of the fitst petiod so tharp; denotes the probabilicy of
an arciden in dme petiod {7, i1 1) when the teactor
15 ¢{ years old. The opdmal pelicy for crclear
shirdowe, is cbrained by tecutsively solving the
followityg syseem of equeadions where 1] denoees the
minirreen expeceed loss wich 7 pedods of operation
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temaivitg . We choose one deciston berweery shire-
down or cotditieed operatton whidhever offers the
simaller cose.

Fo=0Cr=10
V= Min [Croiipr-i 1041 + Cad
H1=pr-dVio i=1,2,..T

I this foomulrion we of rorese assizme thar bodh
costs and accidene probabilicies are updared o
propetly reflece the period in which the calorlarion
applies.

Ve use EPRI cost dara, prediceve disteinmion in
{1} and the dytemic programming recusicn for the
T-petied dedsicn teee, when T=30 {corresponding
te o 30 year desige liferime). Gy Is close o 220 so
thar based oo our cureene iformeadion shirdown of
the platr 5 guaracreed ar the end of 30 yeats. From
the EEEL{ 1987 TﬁG EpMT, emrmxes of Cp, and Cy
are $3.158 107, and $3.432 107 e, respectively.
Assmicng 12 ﬁ% iteerest fare compounded yeathy,
the amount of amorttzarion for the constrtion cost
is $4.067 X 10°, and the unpaid balance o the end o
each year, G, /=1, 2, ., T, ran be calndared %%
use 8 Garnms, disceibircion for the prior disteibnarion
of the severe arciderr rare 2 when the eeactor is
new, with paramerers o, = 324, g, = 3757.54
{Yaryg, 1089). With this dara figure 3 shows the
minirmrm cost of accident thar warcanes the dedsion
of an inmedisre shiredown for vatioes valees of &
W'e ran see ther the minfmom rost of acciden for
shirdow e option decreases celacively eapidly ar he
tegion of stmall agive efferes and it does eoe change
rmrh ar the region of large aging effects, and almose
sarierares around §13 .7 billion.

As a spedal case, i the aging effect is neglizible
{F=0), the above forrmularinn abways yields coe of
twio exrrerme sohrdons, which s erher wo shioedown
trmediacely of to plan on operadog uecdl the end of

min.cost
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the reactor’s desngn lifetime. This result can be
explained as follows: first, assume that shuedown will
definitely occur on or before the 30th year. Now,
assume that the decision at the end of 29th year is to

shutdown the plant, in other words Dy =1. This

decision is optimal when

CZQ'_CSO Cg .
>t =3
Ca b2 b

since V is assumed to be zero. Ar the end of 28th
year, the optimal decision conditional on Dy = 1 is

shutdown (D =1), if C,2= Mcjz-s;vTCﬁ
operate (Dyg = 0), if Cx< —C—”}%”

We therefore have the optimal decision Do =0
followed by D=1, ie. a switch in the dedsion
from “continue operations” to “immediate shutdown
when the following inequalities holds: ~ *

Agﬁ= ng <C (Cgs“"Cg_g)_: ACm
Dy A b b

But we know that with 2 history of no accidents in
earlier periods p; is 4 decreasing sequence if there is
no aging effects; furthermore the normal way in
which debt is paid off has 4C; as an increasing
sequence so that the ratios of debt reduction to
probability of an accident are increasing. Thus the
inequality as stated implies that the terrx on the left
is smaller than the one on the right, which is a
contradiction of our argument for the increasing
sequence of debt reduction to accident probability
ratios. This argument can be extended to each period
in the design life of the reactor so that it can be
shown that if D;=1, then D; =1 for all £ such that £
<j. In other words, the optimal policy at the
beginning of each period is to plan on never
switching the decision. It should be emphasized that
in real time the switching decision can actually occur
if new information at period 4, say I, is such that the
predictive distribution and cost factors indicate a
shutdown decision is recornmended even though the
plant operated in the previous year.

One should note that the optimal decision for
nuclear power plant shutdown is- very much
dependent on who the decision maker is. If the
decision makers are the public, they will assume

lacger costs for accidents, with subjectively assessed
huge (sometimes infinite) cost of loss of lives and
fear, On the other hand, if the decision makers are
the managerial personnel in a nuclear power plant,
the construction cost may be the most concerned
cost and the cost of loss of lives will be based on the
estimates from the accidental data in other fields.

Therefore the assessment of cost of accident is a quite
subjective and disputable problem. Anyhow our
mode! and methodology developed in this paper can
be applied no matter who is going to make a
decision. It provides with the optimal decision
together with the expected optimal cost. If we could
purchase perfect information for certain amount of
money and were informed when the next accident
would occur before we made a decision, the optimal
decision would be to operate plant until the instant
before the accident and incur no cost other than the
remaining balance of construction cost. In any case,

we are not willing to pay mote than the expected
optimal cost, since probabilistically we are warranted
to cost that amount if we follow the optimal
decision. Therefore the expected optimal cost at the.
beginning of the first year is the upper bound we
would spend- in an effort to collect more useful
inforrnation and improve forecasting, etc.

4. Summary

For' a given plant design, improved decisions on
when to shutdown an existing nuclear plant may be
obtained by making better predictions of fajlure rates
(see, for example, Lewis, 1984; Chow and Oliver,
1988; and Yang, 1989 for methods of estimating
failure rates), by exerting efforts to collect more
relevant information or by improving decision
making models which put that information to best
use. There always exists a trade-off between the cost
of collecting more information and making better
decisions. What is the upper limit of resources we
should spend in order to reduce our uncertainty
about failure rates? It is important that the models
inchade the value of possible loss of life and fear
(Owen er.al.,, 1978) along with cleanup, decom-
missioning, relocation if the decisions derived from
the model are to be useful. What is the cost and the
influence of new information from outside sources
(other than the plant under consideration) that we
have not included? The simple model we have
described enables us to make a stochastically optimal
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decision, which is repeatedly made at the end of each
petiod with updated information, and assess the
expected optimal cost that determines the value of
perfect information.

We classified the decision into two extreme cases,
shutdown or continued operation. For - further
research, we may add other optons such as
temporary shutdown for intensive or rough main-
tenance or overhaul that result in lower probability
of accidents. The research that adaptively updates
the decision considering the probability of accident is
hardly seen. In reality, it is also hard to get sufficient
data that makes the above research possible. If
statistics can be collected based on the framework of
the decision making suggested in this parer, we can
extend the research to cover gemeral cases more
efficiently. In this paper we suggest one way of
making optimal decision mcorporatmg the pro-
bability of accident which is wpdated through the
operation of nuclear powes plant
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