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Construction, Decommissioning,
and Replacement of Nuclear Power
Plants under Uncertainty

Ryuta Takashima
Department of Risk Science in Finance and Management, Chiba Institute of Technology

1. Introduction

Currently, there exist 54 commercial nuclear power plants, which have a total capacity of 48.85
GW, in Japan. These power plants that have been operating for more than 40 years emerge in
2010 and onward. The framework for the nuclear energy policy describes the measures to be
followed for aging nuclear power plants and the enhancement of safety under the assumption
of a nuclear power plant operating for 60 years (AEC, 2006). The Tokai Nuclear Power Plant of
the Japan Atomic Power Company, and units 1 and 2 of the Hamaoka Nuclear Power Plant of
the Chubu Electric Power Company are currently under decommissioning, and this decom-
missioning can be decided at the discretion of the electric power supplier. In the future, it is
also likely that the firm will determine the decommissioning of aging nuclear power plants,
taking into account the economics of the plant. Moreover, it is necessary to make decisions not
only regarding decommissioning but also regarding the replacement. In this context, although
decommissioning and replacement as well as new construction have become important prob-
lems, there exist many factors that need to be solved, such as large costs, electricity demand,
that is, profit of electric power selling and electricity deregulation.

Deregulation of electricity markets has occurred in several countries, including the United
Kingdom, the United States, Nordic countries, and Japan. In the deregulated market, the
electricity price is determined by supply and demand, rather than by the cost of generating
electricity. Because of the electricity price uncertainty, market deregulation could introduce
a new type of risk for power companies. Investment in power plants is planned based on
long-term demand forecasts, and it becomes difficult to plan schedules for constructing plants
based on only the demand forecast because there is no guarantee of cost recovery. In addition,
since the replacement of nuclear power plants requires a great amount of capital investment, a
proper method is necessary for valuation and decision making regarding projects considering
uncertainty in the electricity price.

For one of economic analysis methods for investment projects under uncertainty, real options
analysis has recently attracted growing attention (Dixit and Pindyck, 1994; Trigeorgis, 1996).
Using this approach, the investment and operation of power plants has been studied by sev-
eral research groups. Especially, several studies have examined various investment problems
involving nuclear power plants (Gollier et al., 2005; Naito et al., 2010; Pindyck, 1993; Rothwell,
2006; Takashima et al., 2007; Takizawa et al., 2001).
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50 Nuclear Power

In this chapter, we focus on real options models for analyzing construction, decommission-
ing, and replacement problems of nuclear power plants under electricity price uncertainty.
The models of construction and decommissioning problems are basic models, and in real op-
tions studies, correspond to investment option and abandonment option, respectively. The
model of replacement problem is an extended model, which combines construction and de-
commissioning options (Naito et al., 2010). For three models, we show how uncertainty and
cost affect decisions of construction, decommissioning, and replacement.

The remainder of this chapter is organized as follows. In Section 2, we describe the model
for analyzing construction, decommissioning, and replacement of nuclear power plants. Sec-
tion 3 derives the solution by numerical calculations and provides some results of numerical
analysis. Finally, Section 5 concludes the chapter.

2. The Model

In this section we describe the setting and the assumption of the model, and then derive
economic evaluation models for construction, decommissioning, and replacement of nuclear
power plants.

2.1 Model setup

The risk factor and uncertainty in the investment of nuclear power plants include construction
cost, fuel cost, electricity price, decommissioning cost, litigation, unplanned shutdown, and
regulatory change. In this chapter, we consider the model in which uncertainties with respect
to profitability are reflected in the electricity prices, and other risks are reflected in a discount
rate.

Suppose that the firm is a price taker, and, its actions have no influence on the dynamics of
the electricity price. Thus, for a straightforward description of uncertainty, we assume that
the electricity price follows the geometric Brownian motion:

dpP; = l‘l/lptdt + o P dW;, Py=1p, (1)

where y is the instantaneous expected growth rate of P;, and ¢ is the instantaneous volatility
of P;. W; is a standard Brownian motion. The capacity factor, taking into account a decreasing
due to the aging, is assumed to be expressed by the following equation:

ap = age ", ()

where ¢ is the decreasing rate. From these equations, the profit flow function of a nuclear

power plant can be can be represented as follows:
T = 7'[(Pt; 5, C) = [tit — C,
= ucoe_‘StPt — C,

©)

where C is the operating cost that is composed of the fuel cost as well as operating and main-
tenance costs. To obtain the analytical solution, let us change the variable Pre %t to X
X; := Pe 0% 4)
Then, from Egs. (1) and (4), the dynamics of X; can be written as
dX; = (p — 6)Xpdt + o X dWy. (5)

In this model, we consider this variable, X;, as a state variable.
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2.2 Construction option

In this section, we describe the model of Gollier et al. (2005) that extends the model of Mc-
Donald and Siegel (1986) deriving the investment timing and its option value by introducing
fixed construction time and project lifetime. The firm starts operating a nuclear power plant
by incurring investment cost I. The value of the investment opportunity is:

F(x) = sup E,

7+T+L
/ e Plmdt — e PTI|, (6)
TEV; T

+T

where E, is expectation with respect to the probability law of X; given an initial value x, T is
the investment time, V is the set of stopping times of the filtration generated by the dynamics
of X, and p > 0 is an arbitrary discount rate. We must have p > p in order to ensure that the
firm’s value is finite for L — co. Given the investment threshold, X*, the optimal investment
time, 7%, has the following form:

T =inf{t > 0| X; > X*}. (7)

Prior to determining X* and F(x), we calculate the now-or-never expected NPV, V(x), of a
nuclear power plant.

T+L T+L
V(x) = Ex [ /T e P (ap X —C)dt—l} = /T e PtagBy[X;] — Cdt — 1
(8)
apX C
— A= -1
p—pu+o P

where Ay = e~ (0=#+)T(1 — ¢~ (P=#+9)Ly and Ay = e T (1 — e~ PL). The following differential
equation, which is satisfied by the investment value, is derived from the Bellman equation
(See, for example, (Dixit and Pindyck, 1994)),

T+L
= / e Plagxe Ot _ Cdt — [ = Ay
T

%asz”(x) + (4= 8)xF'(x) — pE(x) = 0, 9)
. . . . / o dF(x) 1 o sz(x) .
where the primes denote derivatives, that is, F'(x) = =5~ and F”(x) = —5*. The invest-

ment value must satisfy the following boundary conditions:

F(0) = 0, (10)
F(X*) = V(X*), (11)
X*) = V(X% (12)

Condition (10) requires that the investment option becomes zero if the cash flow is close to
zero. Conditions (11) and (12) are the value-matching and smooth-pasting conditions, respec-
tively. The value-matching condition means that when the level of X; is X*, the firm exercises
the construction option, and then can obtain the net value of V(X*). Additionally, the smooth-
pasting condition means that if the construction at X* is indeed optimal, the differentiation
of the value function must be continuous at X;. From these conditions, we can obtain the

investment value as follows,

Fo) = (o) v, 13)
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where B is the positive root of the characteristic equation 3028(8 —1) + (4 —6)B—p = 0,

that is,
1 u—9 u—o 1 2 20
ﬁ1—2 72 —l—\/( 2 2) —1—02 > 1. (14)
The investment threshold is given by,
—u+é [ AC
xt=PL L ( + 1) 15
p1—1 A % (15

By contrast, the now-or-never investment threshold is X, = £ 21” g 9 (% +1 ) < X*, ie.,
having the deferral option provides a value to waiting, which then increases the opportunity

cost of investing.

2.3 Decommissioning option
We consider that a firm operates a nuclear power plant over few decades, and has the option
of decommissioning. The value of the decommissioning project is:

T,
Ey(x) = sup E, [/ ’ e Plmdt — e PTU|, (16)
T €V, 0

where 7; is the decommissioning time, V; is the set of admissible stopping times, and U is
the decommissioning cost. Given the decommissioning threshold, X, the optimal decommis-
sioning time, T;, has the following form:

TE=inf{t>0]X; < X} (17)

The following differential equation, which is satisfied by the project value of the decommis-
sioning, is derived from the Bellman equation,

%Ux2F[§'(x) + (u — 6)xFj(x) — pFy(x) + 2ox — C = 0. (18)

The general solutions of this equation are given as follows:

Falx) = Bud + Byaf 0 % (19)

where By and B, are unknown constants, and 8, is the negative root of the characteristic
equation 10?B8(B —1) + (¢ — 0)p — p = 0, that is,

1 u—=6  [(p=6 1\* 2
/31—5 2 \/( 2 E) +p<0. (20)

The decommissioning project value must satisfy the following boundary conditions:

Tim (le51+32xﬁ2) = 0, 21)
Fy(Xy) = U, (22)
Fi(Xs) = O (23)
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Condition (21) requires that the decommissioning option becomes zero if the cash flow is very
large. Therefore, from this condition, we have By = 0. Conditions (22) and (23) are the value-
matching and smooth-pasting conditions, respectively. From these conditions, we can obtain
the decommissioning project value as follows,

npXx C < ao Xy C > < X )ﬂz
Filx)=—————-—"——-——=+U]| () - 24
=02 ws s o X4 24
The decommissioning threshold is given by,
o p—p+9 <C )
Xy = ——=Uu). 25
Ll 0 (25)

Likewise, the now-or-never decommissioning threshold is X, = £ _fo 0 (% = ll) > Xy,

i.e., having the deferral option provides a value to waiting, which then increases the opportu-
nity cost of decommissioning.

2.4 Replacement option

In this section, following Naito et al. (2010), we consider the valuation of a replacement project
of nuclear power plants. The replacement project consists of two components: the decision to
decommission an existing plant and the decision to construct a new plant.

The variable cost and the capacity factor of the existing plant are C* and a), respectively, and
the variable cost and the capacity factor of the new plant are C! and aj, respectively. We
assume that the replacement leads to a decrease in the variable cost and an increase in the
capacity factor, i.e., C% > cland (x8 < (x(l).

The value of the replacement project is:

T Ti+L+T
F(x)= sup Ex [/ e Piaddt — e‘PTfUJr/ e Pl — e_PTz‘I:|,
T, GEV, 0 T
T (26)

=supE { /0 e Ptrddt + e P (F(X,) — u)],

T,

where 77} = 0c8Xt —CY, 7'ct1 = (x(l)Xf — C1, and the value of the construction project for the new

plant is:

s+7+T+L
Fi(x) = supE { / e P9t — e—P<Ti—S>1} . (27)
T; S+Ti+T

In addition, 7; is the decommissioning time of the existing plant, 7; is the construction time of
the new plant, and V; is the set of the pair of admissible decommissioning and construction
times. Given the decommissioning threshold for the existing plant, X;, the optimal decom-
missioning time, 7,°, has the following form:

T =inf{t>0] X < X,}. (28)

Likewise, given the construction threshold for the new plant, X;, the optimal decommission-
ing time, Tl-*, has the following form:

TP =inf{t > 0| X; > X;}. (29)
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The replacement option is the sequential one of decommissioning and construction. There-
fore, we can solve the investment problem by working backward, i.e., by first finding the
value of the construction project and then finding the value of the decommissioning project.
Likewise equation (6), the value of the construction project for the new plant is:

061Xi Cl X P
F(x)= (A% 490 ) (2) 30
i) ( Yo—uts o )<X1> 30)
where 5 5 7 AC
S
xt= L P F ( 214—1). 31
B —1 Ay Y 1)

By using the value of the construction project, we can obtain the decommissioning threshold
for the existing plant and the value of the replacement project. The following differential
equation, which is satisfied by the project value of the replacement project, is derived from
the Bellman equation,

1
Easzr”(x) + (p — 8)xF/(x) — pF(x) + aox — Cp = 0. (32)

The general solutions of this equation are given as follows:

KoXx Co

= B pa o 0%
F(x) = B3xP' + Byx +p—y+5 0

, (33)

where B3 and B, are unknown constants. The replacement project value must satisfy the
following boundary conditions:

lim (B3xﬁ1 n B4xﬁ2) ) (34)
Fr(Xr) = Fi(Xr) -u, (35)
E(Xy) = F(X}). (36)

Condition (34) requires that the decommissioning option becomes zero if the cash flow is very
large. Therefore, from this condition, we have B3 = 0. Conditions (35) and (36) are the value-
matching and smooth-pasting conditions, respectively. From these conditions, we can obtain
the replacement project value as follows,

XoXx Co [X()Xy Co )(X >ﬁ2
Fx)=—>"+ =2 (222 S Ly—FX = . 37

We can be solved for X; by means of a numerical calculation method.

3. Results and Discussion

As shown in tables 1 and 2, we use the following parameter values of regarding the economics
conditions and nuclear power plant for our numerical examples. Although we assume a base
value of o = 0.2, allow it to vary in order to perform sensitivity analyses.

www.intechopen.com



Construction, Decommissioning, and Replacement of Nuclear Power Plants under Uncertainty 55

Expected growth rate of P; u 0.01
Volatility of P c 005
Discount rate p 0.05
Initial electricity price (yen/kWh) x 8.0
Table 1. Parameters with respect to economics conditions
Capacity factor for the existing plant a) 0.6
Capacity factor for the new plant ay 1.0
Decreasing rate of capacity factor ) 0.02
Variable cost for the existing plant (yen/kWh) cY 50
Variable cost for the new plant (yen/kWh) cl 30
Construction cost (yen/kW) I 400,000
Decommissioning cost (yen/kW) u 30,000

Decommissioning cost (yen/kW) (Replacement) U 40,000

Table 2. Parameters with respect to nuclear power plant

150

X*

100

il /
0 o= ==="" 1 1

0 10 15 20

NPV, Option Value (10* yen/kW)

-100

Price, x (yen/kWh)

Fig. 1. Expected NPV and investment options (¢ = 0.2). The threshold prices for construction
is 13.256 yen/kWh. For Expected NPV, the construction threshold is 7.954 yen/kWh.

www.intechopen.com



56 Nuclear Power

3.1 Construction option

In this section we show numerical examples of the model for construction option that is de-
scribed in section 2.2.

At the initial electricity price, x, the expected NPV is 0.428 x 104 yen/kW. On the other hand,
since the option value is 13.895 x 10% yen/kW, it is optimal to wait to invest in construction (see
Figure 1). As shown in Figure 1, at more than the initial electricity price of 13.256 yen/kWh,
it is better to construct rather than to wait now.

35

w
o
T

[ =4.0 X 10° yen/kW

N
(€, ]
I

I=3.0 X10° yen/kW

[E=y
S, ]

- —

[y
o

-
-
- -

-
.-
-

0 l l l l

-
-—" -’
—--- AR R

Threshold price, X* (yen/kWh)
N
o

921
T

0 0.1 0.2 0.3 0.4 05
Price Volatility, o

Fig. 2. Effect of uncertainty on the investment threshold

In general real options framework, as uncertainty increases, the value of waiting also goes
up. Indeed, a more volatile electricity price increases the opportunity cost of immediate ac-
tion. Consequently, although the option value of the entire investment opportunity increases,
the cost of killing the deferral option also increases, thereby making it optimal to delay invest-
ment. For example, if the degree of uncertainty, that is, volatility increases from 0.2 to 0.3, then
the investment threshold increases from 13.256 yen/kWh to 17.542 yen/kWh (see Figure 2).
In order to increase the competitiveness of nuclear power, it is effective to decrease the con-
struction cost (OECD, 2000). Consequently, we analyze the effect of construction cost on the
investment threshold. It can be seen from Figure 2 that as the construction decreases from
4.0x10° yen/kW to 3.0x10° yen/kW and 2.0x10° yen/kW, the investment threshold de-
creases, and consequently, the opportunity of investment increases. As volatility increases,
the degree of the increase in the investment opportunity increases further. Therefore, it is
found that when uncertainty is large, the effect of the decrease in construction cost on the
investment decision.

Furthermore, likewise the investment threshold, the investment project value have a large
influence on uncertainty. Figure 3 shows the effect of volatility on the investment project
value at the initial electricity price. It is found that as volatility increases, the investment
project value becomes large. This is because when volatility is large, the postponement of the
investment is selected, and consequently, the probability of the investment at larger level of
electricity price increases.
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Fig. 3. Effect of uncertainty on the investment value

As the construction decreases from 4.0 x 10° yen/kW to 3.0x 10° yen/kW and 2.0 x 10° yen/kW,
the investment project value increases. Unlike the threshold, as volatility is large, the effect of
decrease in construction cost becomes small.

3.2 Decommissioning option

In this section we show numerical examples of the model for decommissioning option that is
described in section 2.3.

At the initial electricity price, x, the expected NPV is -1.752x 10° yen/kW. On the other hand,
since the value of decommissioning option is 8.012 x 10* yen/kW, it is optimal to wait to invest
in construction (see Figure 4). It can be seen from Figure 4 that at less than the initial electricity
price of 4.772 yen/kWh, it is better to decommission rather than to wait now.

Price volatility, o

U(10* yen/kW) 0 0.1 0.2 0.3 0.4 0.5

1.0 9.886 6.591 4943 3735 2863 2232
2.0 9772 6514 4.886 3.692 2.830 2206
4.0 9543 6362 4.772 3.606 2.764 2.155

Table 3. Effect of uncertainty on the decommissioning threshold

As shown in Table 3, as volatility is large, the threshold of decommissioning decreases. Thus,
likewise the construction option, as uncertainty becomes large, the probability for the post-
ponement of decommissioning increases. In Table 3 the effect of decrease in decommission-
ing cost on the threshold is shown. For example, for ¢ = 0.2, if the decommissioning cost
decreases from 4.0x10* yen/kW to 1.0x10* yen/kW, then the decommissioning threshold
increases from 4.772 yen/kWh to 4.943 yen/kWh, and consequently, the probability of de-
commissioning increases. We also show the effect of uncertainty on the increase in the decom-
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Fig. 4. Expected NPV and decommissioning options (¢ = 0.2). The threshold prices for
decommissioning is 4.772 yen/kWh. For Expected NPV, the decommissioning threshold is
9.543 yen/kWh.

missioning opportunity due to decreasing the decommissioning cost. Unlike the construction
option as uncertainty is large, the degree of the increase in the probability of decommissioning
becomes small.

Figure 5 shows the effect of uncertainty on the value of decommissioning project. Likewise the
construction option, the project value increases with volatility. This is because when volatil-
ity becomes large, the postponement of decommissioning is selected, and consequently, the
probability of decommissioning at smaller level of electricity price increases. Additionally, we
also analyze the effect of the decrease in decommissioning cost on the project value. It is clear
from Figure 5 that as decommissioning cost decreases, the project value increases.

3.3 Replacement option

In previous section, the decommissioning for existing plant is analyzed. However if the re-
placement project is evaluated, it is necessary to consider not only the decommissioning for
existing plant but also the construction for new plant. Therefore, in this section, we show
numerical examples of the model for replacement option that is described in section 2.4.

As described above, at the initial electricity price, x, the expected NPV for decommission-
ing project is -1.752 x 10° yen/kW. On the other hand, since the option value taking into ac-
count replacement is 9.895x10* yen/kW, it is optimal to wait to invest in construction (see
Figure 6). The value of replacement option is larger than that of decommissioning option,
8.012x104 yen/kW, and consequently, it is found that the construction investment for new
plant influences the value of decommissioning project. As shown in Figure 6, at less than the
initial electricity price of X, =6.298 yen/kWh, it is appropriate to decommission, and after
decommissioning, when the level of electricity price is more than X; =13.256 yen/kWh, it is
appropriate to construct the new plant.

The effect of uncertainty on the thresholds are presented in Figure 7. The solid line denotes
threshold in replacement option model, and the dotted and the dashed lines represent the
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Fig. 5. Effect of uncertainty on the value of decommissioning project
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Fig. 6. Value of the replacement project (¢ = 0.2). The threshold prices for replacement, X, is
6.298 yen/kWh. The construction threshold is 13.256 yen/kWh.
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12
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Replacement option

Threshold price, Xr (yen/kWh)

0.1 0.2 0.3 0.4 0.5
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Fig. 7. Comparison of thresholds for expected NPV, decommissioning option, and replace-
ment option (U = 40, 000 yen/kW)

thresholds for the expected NPV and the decommissioning option model, respectively. The
threshold for expected NPV is larger than those for the replacement option and the decommis-
sioning option, and furthermore, the threshold for the replacement option is larger than that
for the decommissioning option. This means that the decommissioning decision of the exist-
ing plant should stochastically be made earlier if the firm takes into account the replacement
of the new plant.

Table 4. Effect of uncertainty on the replacement threshold

Price volatility, &

U(10* yen/kW) 0.2 0.3 0.4 0.5

1.0 6.775 5702 4937 4.368
2.0 6.605 5587 4.845 4.290
4.0 6298 5366 4.666 4.138

Table 4 shows the effect of decommissioning cost on the threshold of replacement. It can be
seen from this table that as the decommissioning cost decrease, the threshold of decommis-
sioning increases. Thus, likewise the decommissioning option, the probability of decommis-
sioning increases due to the decrease in decommissioning cost. Additionally, when volatility
is large, the effect of the decrease in decommissioning cost on the threshold becomes small.
However, for replacement option the effect of the decrease in decommissioning cost, that is,
the increase in threshold due to the decrease in decommissioning cost is large compared to
decommissioning option. In replacement option the incentive to decommissioning is large
due to taking into account the construction of the new plant, and consequently, the effect of
the decrease in decommissioning cost on the probability of decommissioning becomes large.
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Price volatility, o

U(10* yen/kW) 0.2 0.3 0.4 0.5

1.0 13.325 21.569 28910 35.176
2.0 12489 20.760 28.092 34.340
4.0 10.876 19.172 26474 32.681

Table 5. Effect of uncertainty on the value of replacement project

Likewise, we show the effect of decommissioning cost of the project value in Table 5. As the
decommissioning cost decrease, the project value increase. The degree of the increase is larger
than that of decommissioning option. For example, for ¢ = 0.2, when the decommission-
ing cost decreases from 4.0x10% yen/kW to 1.0x10* yen/kW, then whereas the value of de-
commissioning option increases by 1.821x10* yen/kW from 7.412x10* yen/kW to 9.234 x 10*
yen/kW, the value of replacement option increases by 2.448x10% yen/kW from 10.876 x 10*
yen/kW to 13.325x10* yen/kW. Consequently, likewise the threshold, for replacement option
the effect of the decrease in decommissioning cost is large.

4. Summary

For CO; emissions reduction, it is necessary to maintain adequately the nuclear generating
capacity, and moreover, to discern investment decisions such as decommissioning and refur-
bishment for aging nuclear power plants. In the future, the increase in uncertainty is expected,
and consequently, economic evaluations under uncertainty are required.

In this chapter we have developed real options models to evaluate construction, decommis-
sioning, replacement. For each problem, we show the effect of uncertainty and cost on optimal
decision rules.

The models of construction, decommissioning, and replacement, which are represented in this
chapter, are evaluation models for each single project. However, realistically, decommission-
ing and refurbishment for aging nuclear power plants must be considered as a problem that
concerns the entire investment decision. Therefore, extension of this chapter’s model towards
choice model of investment decisions such as decommissioning, refurbishment, and replace-
ment would be warranted.
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