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Abstract

We consider an operator of machinery with deteriorating efficiency, facing the
problem of optimally timing of either a minor (maintenance) investment or a major
(replacement) investment under price uncertainty. If a maintenance investment is
chosen, the efficiency of the machinery will deteriorate more slowly, and replacing
later is still possible. The optimal decision rule is expressed in the form of thresh-
olds for long-run prices, indicating that it may be rational to wait to see which of the
large and small investment is the better choice. We relate the setting to repowering
of green energy facilities, such as hydropower plants and wind farms. Our analy-
sis provides several managerial insights. We characterize the conditions that gov-
ern whether the smaller investment should be considered at all, and we quantify the
effect of having a replacement option embedded in a maintenance option. Our analy-
sis demonstrates that the large investment may get postponed significantly in expec-
tation, which recognizes maintenance as a temporary alternative to replacement.

Keywords Green energy - Maintenance - Real options - Replacement

1 Introduction

Owners of assets with deteriorating performance often have a range of possible
actions to choose from in order to increase future expected profits. Replacements are
often needed, either when the asset suffers from severe deterioration, the operating
requirements change, or when new technology is available. Determining the time of
replacing existing assets involves economic analysis of various drivers, such as the
current value of the existing asset, operation and maintenance costs, and the cost and
value associated with replacing the asset with an improved one [4, 15, 22]. As an
alternative to replacing, maintaining existing assets can extend the useful economic
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life and often incurs lower immediate costs. Moreover, similar to replacement, many
maintenance tasks have discretion over timing, uncertain benefits, and irreversible
costs. Both maintenance and replacement actions can therefore be viewed as exercis-
ing real options [11], as opposed to the traditional view, which casts maintenance to
be performed until marginal benefits equal marginal costs [5].

The problem of determining maintenance and replacement schedules under price
uncertainty is of particular importance for operators of existing green energy facil-
ities, such as wind farms and hydropower plants. Many hydropower plants in the
European Union, United States, and Canada were built in the early to mid twentieth
century, and many of these plants suffer from inefficiencies in power production [13,
23]. Moreover, the number of wind turbines in service are expected to increase over
the coming decades [38], making it increasingly important to assess the value of
performance-enhancing activities with uncertain benefits. Particular focus has been
given to the replacement option, which is the process of replacing existing machin-
ery or equipment with new ones that have higher capacity and/or efficiency. We refer
to this process as repowering. Repowering leads to increased energy or power out-
put, which has a positive effect on future profits for the operator. Eventually, repow-
ering will appear as an attractive project to undertake, but such an investment is
costly. In practice, different maintenance investment possibilities can be undertaken
to postpone repowering. As an example, maintenance investments in hydropower
plants include rehabilitation of existing turbines through surface treatment and hard
coating [17, 42], and changes in the prevailing operational pattern to mitigate the
damaging effects already inflicted on the machinery.! Similar preventive tasks can
be executed for wind turbines, where the upper cutoff point for high wind speeds is
reduced to extend the economically useful life.

In this paper, we consider performance-enhancing activities, such as maintenance
and replacement, as real options and analyze the range of flexibility that is offered
by joint valuation of projects of different scales. We specify and analyze two mutu-
ally exclusive options: (i) A replace-only option, and (ii) a compound option where
first maintenance is undertaken before replacement at a later point in time. The
first investment alternative we consider is renewal/replacement. Upon renewal, the
efficiency, or the profitability associated with the asset, is reset, while the market
price is exogenous and unchanged. The second investment alternative we examine
is a compound option where first maintenance can be undertaken, while keeping the
replacement option alive. In our analysis, maintenance is an investment that reduces
the efficiency deterioration rate and thus alters the drift of the underlying stochastic
profit process. Our study provides a novel framework that incorporates the mana-
gerial flexibility which is present when an operator faces a deteriorating technical
sub-system of existing facilities in the presence of uncertain market prices. In our
framework, uncertain market prices are modelled as a Geometric Brownian motion

! The latter is often done in practice, where the operator lets go of potentially higher revenues, e.g. by
reducing loads or starting the machinery less frequently, in order to maintain its facility and hence post-
pone a larger investment.
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(GBM), while having a deterministically declining efficiency, which has a negative
effect on the profit stream.

The paper is organized as follows. We review the relevant literature in Sect. 1.1.
In Sect. 2 we present real option models. In Sect. 3 we characterize the optimal
values, optimal policies and we analytically compute some comparative statics. In
Sect. 4 we conduct numerical experiments, expanding the analytical work in Sect. 3.
Concluding remarks are provided in Sect. 5.

1.1 Contributions in light of existing literature

Early contributions to the real options literature that focus on replacement decisions
include Refs. [33], [11, Chapter 4], and [32], among others. Further developments
in this literature can be divided into two main categories, namely, capital replace-
ment of physical assets ([36, 44]), and asset renewals in general [1, 35].2 The former
focuses on minimizing losses incurred by having an imperfect component, whereas
the latter studies the problem of maximizing the net profit by balancing the revenue
from the component with its operational and maintenance costs. Our work fits into
the latter category. Differently from Ref. [1], only the profitability of the firm’s infra-
structure resets upon renewal, while we assume that the market price is unchanged,
which is similar to Ref. [35]. In contrast to Ref. [35], we assume the efficiency to
be deterministic, which allows us to value different investment alternatives analyti-
cally. We contribute to this literature by having the possibility to postpone renewal
by investing in a smaller maintenance project.

Maintenance policies have traditionally been studied from an industrial engineer-
ing perspective, where maintenance often is optimized with criteria such as reliabil-
ity, availability, work safety, and maintenance cost [16]. A limitation of traditional
maintenance optimization models is that they often do not take into account mar-
ket uncertainty. Jin et al. [24] addresses this limitation and proposes a methodol-
ogy based on option pricing theory for joint scheduling of production and preven-
tive maintenance under uncertain demand. Although the maintenance option in our
framework has different characteristics, we view maintenance in a similar light as
Ref. [24], and consider maintenance as a real option. However, unlike Ref. [24], we
study the interaction between a maintenance option and a replacement option when
the associated profits are uncertain, which is new to the real options literature on
asset management.

By focusing on several options, we contribute to the stream of literature that studies
mutually exclusive options. More specifically, we complement the literature that studies
the types of problems introduced by Ref. [9] where the investment policy is not merely
a simple trigger strategy, but may instead be governed by an investment region that is
no longer a connected set. Examples of works that have studied these types of problems
include Bobtcheff and Villeneuve [6] who analyze mutually exclusive projects under

2 The heuristic [1] employ, also used by Ref. [37], has been shown not to always lead to correct solu-
tions, see e.g. Refs. [8, 27].

@ Springer



E. M. Dgnnestad et al.

input price and output price uncertainty, and Adkins and Paxson [2] who analyze a
model with stochastic price and deterministic declining output flow and implications
on choices of exit and new technologies involving different flow rates. In line with the
literature on mutually exclusive options, we analyze how features of our model affect
investment triggers when correctly accounting for the full set of choices available.

An important feature of our model is that exercising the maintenance option entails
a change in the drift of the underlying profit flow process, which is similar to Refs. [20,
21, 26]. In this sense, we contribute to the real options literature where the firm has a
one-time opportunity to boost the profit rate. Kwon [26] consider a firm which has the
opportunity to innovate an ageing product while facing a declining profit stream. At any
point in time, the firm can choose to continue operations or exit. A predefined change in
drift that boosts the stream of profits if the firm chooses to innovate. The main findings
are that the threshold for exiting decreases in volatility and that the threshold for invest-
ing might decrease in volatility if the profit boost from investing is sufficiently large.
Hagspiel et al. [21] extend the analysis and show monotonicity of exercise threshold in
volatility numerically if the firm can choose the capacity when investing. Similar to this
literature, we provide a comparative statics analysis. We examine how the maintenance
option, which upon exercise reduces the deterioration rate, or equivalently, boosts the
profit stream, affect investment triggers, waiting regions and expected hitting times.

Finally, our case study provides novel insights for real options applications in
green energy. Existing literature on the topic include Linnerud [29] who find that the
investment behavior of professional developers of hydropower projects is consist-
ent with real options theory. Moreover, Rohlfs and Madlener [37] use a real option
approach to value different technologies in the energy sector, including photovolta-
ics, wind, hydro, coal- and gas-fired power plants, among others, and Fleten et al.
[14] focus on capacity choice and investment timing in a case where a local load is
to be served, and only surplus power is sold in the market. From this perspective, our
study fits in the growing literature on real option valuation in green energy, see, €.g.
Ref. [7] or the survey by Ref. [25]. We specifically study mutually exclusive projects
with applications in green energy. Other papers that have studied this include Sid-
diqui and Fleten [39] who consider a firm that may choose to deploy an existing
green energy technology, or switch to an unconventional energy technology. Moreo-
ver, similar to us, Detemple and Kitapbayev [10] study mutually exclusive projects
with different cost structures. In Ref. [10], both the cost and revenue of a project are
stochastic, described by two distinct correlated geometric Brownian motions. Meth-
odologically, our work is similar, but we focus on investment alternatives allowing
to cope with the deteriorating efficiency of existing green energy facilities rather
than cost uncertainty related to undertaking new projects. In contrast to our work,
neither efficiency deterioration nor maintenance are considered.

2 Models

The operator can choose to undertake the following projects: Maintenance invest-
ment and replacement. Moreover, the firm can choose between the following mutu-
ally exclusive options:
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1. Replace-only option: Replace the existing machinery by new machinery at a fixed
cost /.

2. Compound option: First, invest in maintenance of existing machinery at a fixed
cost I}, < I, followed by a replacement of the existing (maintained) machinery
at cost I,

The operator needs to carefully select which of these options to choose. The correct
solution of this problem, joint valuation, takes the form of decision rules depend-
ing on thresholds for the price. We assume that the operator is price-taking and that
investments are made instantaneously, meaning that there is no investment lag and
no shutdown time associated with the execution of any of the projects.*

Cashflows from green energy facilities come from electricity generation. As vari-
able operating costs for a green energy operator are typically very small, we consider
variable costs to be negligible. We let the profit flow, z(f), consist of three compo-
nents: Electricity price P(f), machinery efficiency Q(#), and production quantity R(?),

7() = P(OOOR(). (D
We assume that the electricity price, P(), follows a GBM,
dP(t) = aP(t)dt + o P(t)dZ(t), 2)

where «a is the drift and dZ(¢) is the increment of a Wiener process. The volatility is
denoted by ¢ > 0. The choice of a GBM is supported by Pindyck [34] who indicates
that applying a GBM for the price of a commodity is an appropriate choice when
considering long-term investments. Similarly, Fleten et al. [14] argue that although
using a GBM to model price dynamics ignores short-term mean reversion in prices,
the short-term mean reversion has a minor influence on long-term investment deci-
sions. Alternatives to GBM for modeling electricity prices are discussed in Ref.
[31].

The second component, the production quantity, is denoted by R(¢). The supply
of green energy facilities, e.g. wind for wind farms or inflow to water reservoirs for
hydro producers, are by nature stochastic. However, there is typically a very small
memory effect in supply, meaning that this year’s supply is a poor predictor of the
next year’s supply. Therefore, we consider the instantaneous production quantity to
be deterministic and normalized to 1. Thus, the production quantity is given by

3 Maintenance required to keep the machinery available on a day-to-day basis is not considered as a
maintenance investment in our model. We consider any other activity that enhances the performance of
existing machinery, such as e.g. surface treatment, coating of turbine blades, or actively protecting com-
ponents by reducing maximum load in certain periods, as a maintenance investment. We account for the
latter activity by allowing a certain fraction of profit to be lost.

4 In practice these shutdown times vary with the project size, but we regard them as negligible in our
analysis as they typically are short compared to expected project lifetimes.
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1 t< 1,
Rt)y=31—-k 7, <t<1,, 3)
1 t>1,,

where 7, is the time when a maintenance investment is undertaken, and 7, is the time
when replacement is undertaken. These stopping times are unknown in advance.
The parameter k captures the loss of revenues from changed operational pattern by
undertaking the maintenance investment, where & determines the lost fraction of
revenues between 7, and 7,.”

The third component that determines the profits in our model is the efficiency of
the machinery, Q(¢), which we define as

Qpe et <1,
0@ =13 Qpe™™' 17, <t<1,, 4)
QRe_yEt > Ty,

where y is the efficiency deterioration rate of the existing and replaced machinery,
and y,, < y s the efficiency deterioration rate after maintenance. Parameters Qp and
Oy, are the initial efficiency of the existing and replaced machinery, respectively. By
solving the differential equation in (2), using expressions for R(#) and Q(¢) in (3) and
(4), and inserting into (1), we obtain instantaneous profits using the original machin-
ery, the original machinery after a maintenance investment, and using a replaced,
i.e. new machinery, respectively,

(a=1p= G )+0Z(1)

Qppe t=7p,
o2
(1) =94 Qpp(l — ke 10e=m) @ = TIHoZ0 o < p < 7
)
QRpefzyEe(a_yE_T)t+gz(t) > Ty,

where P(0) = p. The factor e~"1?z=") adjusts for the deterioration process before
maintaining at time 7;, and the factor e’z resets the deterioration process when the
machinery is replaced at time 7,. Figure 1 illustrates price simulations and corre-
sponding profit flow simulations. In the upper panel, three price scenarios are gen-
erated from the GBM in (2), and the dashed line is the expected price. The dashed
line in the second upper panel is the efficiency, Q(f), and the second lower panel
shows the production quantity R(¢). The profit flow, z(¢), in the bottom panel is the
product of price, efficiency and production quantity. Lost profit from changed opera-
tions after maintenance, k, is apparent by the vertical downward shift at 7,, seen in
the production panel. Moreover, we observe that profits are expected to increase at a
higher rate (dashed line) between the stopping times 7, and 7,, because y,, < y.

5 Changed operational pattern means that the operator chooses to deviate from the optimal production
policy to reduce the deterioration rate of the machinery.
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Fig. 1 Illustration of dynamics of prices and profits, with numerical values P, =40, O, = 0.80,
0r =0.95, a =0.025, y; = 0.04, y,, = 0.004. Colored lines in the upper panel represent price simula-
tions, and the profit flow for each simulated price path is illustrated in the lower panel. Times 7, and 7,
are times where maintenance and replacement takes place, respectively, and are unknown in advance

Using instantaneous profits, we can formulate the optimal stopping problem for an
operator of machinery with deteriorating efficiency, facing the problem of optimally
timing of the maintenance investment project or the replacement project. We first spec-
ify the optimal stopping problem for each of the alternatives, and then incorporate both
in the same framework.

The optimal stopping problem for the replace-only option can be formulated as

7, >
Fg(p) = sup [E[ / e Qppe @I TG _ [ eP"
0

7

L ®)

o2

+ / e QppeTEe @ TTET T gy |P(O) :p]'
]

We assume that the decision-maker discounts the future profit at a constant exog-
enous rate, p > a — y;. This assumption ensures that it would never be optimal to
delay exercise either of the options forever, as would be the case if expected growth
exceeds the discount factor.

The optimal stopping problem for the compound option is given by
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3 2
G(p) = sup [E[/ e—thEpe(a—yE—7)z+JZ(r)dt — I
0

T1,1,>T)

%2 -2
+/ e_‘”QEp(l - k)e—fl(}'g—m)e(a—m—7)f+62(f)dt — Iye ™™ (6)
7

C 2
N / £ Q ppe (T TIHD
T

P(0) = P] :

Note that in this problem, the maintenance action must be undertaken before
renewal/replacement. The next problem takes into account that the maintenance
action can be skipped:

7 52
H(p) = sup [E[/ e Qppel T TIHOZD G _ | emPT1 ] (r,<1,)
0

71,127

2 o2
+/ ¢'Qpp(1 — ke T ETI TR0y — e (7
7

(o]
+/ e—PtQRperﬂEe(a—VE—é)HGZ(I) P(0) = p] .
]

The firm can either (1) choose 7; < 7, which corresponds to the compound option
or (2) choose 7, = 7, which corresponds to the replace-only option. If 7, = 7, the
second term in (7), which is the time spent using the machinery between the main-
tenance investment and replacement investment, becomes zero, and the firm does
not have to pay any maintenance investment costs, which is ensured by the indicator
function 1 (7<) The only difference between (6) and (7) is that the firm can choose
7, = 7, and replace directly without maintaining first.

3 Characterization of optimal policies and values

This section presents the solutions to (5), (6), and (7). We first analyze the replace-
only option and the compound option separately, and then provide an analysis when
both are considered in the same framework, as defined in (7). For ease of notation,
we define yp = p—a+y, and py, = p— a +yy,. Similar to Ref. [1], we aim at
identifying the economic conditions that trigger a renewal to restore the economic
potential of the machinery. In their framework, the option to renew the asset appears
attractive when the revenue stream from the existing one is low, similar to a put
option. This is because exercising the renewal option entails the output revenue
being restored to the original value. However, in our case, a renewal appears attrac-
tive when the profit associated with the existing machinery is high, i.e. we view the
replacement option as a call option, as opposed to Ref. [1]. The difference is that,
in our case, it is the price that drives the profitability of any investment alternative.
Replacing when the price is low will not appear attractive as the firm has to pay a
sunk cost, which will not be covered by the profit stream of the renewed machinery.
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3.1 Replace-only option
Proposition 1 gives the value of the option to replace the machinery defined in (5).

Proposition 1 It is optimal for the firm to replace its machinery as soon as P(t)
reaches the optimal threshold, given by

R e R e ®
where
1 a—yg a-y; 1\, 2p
pe=2-" +\/< - —§> =4 ©)
Thus, the value of the option to replace the existing machinery is given by
) — {Alpﬂf + 22 if p < pp,
S e Y Y (10)
where

— — P
A= . [ﬂE S et I (11)

B Be—1 B HE Iy

This option represents a single investment opportunity, and therefore closely
resembles the solution of a standard real option problem, e.g. as in Ref. [11]. The
values in the continuation region, p < py, and in the stopping region, p > py are
given in (10). In the waiting region, the last term is the perpetual profit without any
investment, whereas the first term represents the value of the option to improve the
efficiency once the profit is large enough. When the replacement option is exercised,
the producer operates with increased efficiency of the machinery, O, and with a
deterioration rate y.

3.2 Compound option: maintenance before replacement

The second option, the compound option, is a constrained sequential option where
the maintenance project needs to be undertaken before the replacement project. The
optimal stopping problem is formulated in (6). We solve this problem backwards,
where Proposition 2 gives the value of the replacement option, provided that the
maintenance project already is undertaken.

Proposition 2 With the maintenance investment option already exercised, it is opti-

mal for the firm to replace its existing machinery as soon as P(t), t > t,, reaches the
optimal threshold given by
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. b HEH
Pur r ﬂMAj 1 Orby — (El i/Ik)QE.“E’ (12)
where
1 a—vyy a=yy 1\ 2p
bu=1 -5 +\/< = —§> +2 (13)

Thus, the value of the option to replace the existing machinery, after having main-
tained it, is given by

B,pPu 4 == d k)QFp ifp <p? .,
Gr(p) = { MR (14)

o LI if p ZpM’R,

where

B, =

Iy [ﬂM—l.QRuM—a—k)QEuE.l " )

By —1 Bu HEHM Ix

The solution in Proposition 2 is very similar to the replace-only option, but
in this case the profit flow in the continuation region p < pM r 1s affected by the
maintenance investment option being exercised beforehand. The value in the
stopping region p > pM’R coincide with the perpetual revenues of the replace-
only alternative in the stopping region in (10), i.e. the value when p > p%. As
the sequential investment alternative eventually will lead to a replacement of the
machinery, the trade from going from a maintained state to a replaced state of the
machinery must entail a net positive increase in the operating profits. If not, the
option to replace after maintenance investment will have no value. This can be
expressed as follows:

(1 =k)Qpug < Oppy- (16)

The value of the option to invest in the first stage, i.e. to undertake a maintenance
investment on the existing machinery, is presented in Proposition 3.

Proposition 3 I is optimal for the firm to invest in maintenance of its existing
machinery as soon as P(t),t < t,, reaches the optimal threshold p}, which implicitly
solves the equation given by

Bg — By * Py Be—1 QE((l_k)ﬂE—MM) "
=+ :

B Pl —Iy=0, (17
: ﬁE M ﬁE HEHM M M

where i and f,, are given in (9) and (13), respectively. Thus, the value of the option
is given by
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B+ &2 ifp < pt,
Gup) =14 T PSPy (18)
GR(p) - IM lfp Zp}y[’

where

ﬂM = By—b, QE (1 _k)llE_llM % 1-p
By =B,—p," "+— ———p £ 19
1 ? e P HERM M (19

and where Gy(p) and B, is given by (14) and (15), respectively.

It is worth pointing out that the value in the stopping region (18) is not a linear
function of profit, reflecting the fact that it is an option itself. This option value is
given by the option value to replace after having maintained, which is the option
value in (14). We also note that the solution to the characteristic equation, S, differs
from f,, in Proposition 2 due to the change in degradation rate from the degradation
rate in a maintained state, y,,, to the degradation rate of the non-maintained state,
or equivalently, replaced state, y. Since f,, is governed by the smallest degradation
rate, it follows that f; > f§,,.

3.3 Joint framework for the compound option and the replace-only option

We now compare the two investment alternatives to determine when it is optimal for
the firm to choose to invest sequentially or simply replace the machinery. The prob-
lem is formulated in (7). The following proposition gives the condition for when the
replace-only alternative always dominates the sequential investment alternative.

Proposition 4 It will be optimal to replace directly if the following holds for all p:

1-k -
( Mg #MIH‘IM >0,

I -1 - P
. B _Q,; N
Pe — P RHME HEHM
(20)

where B, is given by (15).

The proof of Proposition 4 is provided in A.3. To determine whether the replace-
only alternative is the dominant choice, the option values for the different regions
need to be taken into account. If the replace-only option has a higher value than
the compound option in the region before any thresholds are reached, the replace-
only option will always have the higher value. If Proposition 4 holds it will never
be optimal for the producer to choose the sequential investment alternative, mean-
ing that the threshold for replacement is given by Proposition 1, and the value of
H(p) defined in (7) coincides with F(p) in (10). Relevant thresholds if Proposition 4
holds are illustrated in Fig. 2a.

Relevant thresholds when Proposition 4 does not hold are illustrated in Fig. 2b.
The solution space is divided into four different regions, (0, p3 ), [p),,P;). [P}, Py
and [py;, o). The threshold pj, is given by (12), whereas the remaining thresholds

@ Springer



E. M. Dgnnestad et al.

I 1 h - I I il !
I _ I

T T T T
0 P 0 P Pt P

A
-

(a) Relevant triggers if Proposition 4 holds. Between 0 (b) Relevant triggers if Proposition 4 does not hold.

and p;‘_fa, it is optimal to wait (white). For higher values Between 0 and p}k\l, and between pf and p’}} it is optimal

it is optimal to replace (light grey). to wait (white), between p%, and p¥ it is optimal to
perform the maintenance investment (dark grey), and
for values greater than pfj it is optimal to replace (light
grey).

Fig.2 Continuation and stopping regions when considering the compound option and the replace-only
option jointly. Relevant thresholds depend on whether Proposition 4 holds or not

will be defined below. In the first and the third regions, it is optimal to wait, whereas
the second and fourth regions are stopping regions, where investments are under-
taken immediately. We refer to these four regions as waiting, maintenance, inaction,
and replacement regions, respectively.

The value of the option H(p) can be written as

Blp”E+”% p <pj,
(=) . .
H(p) = Baty + =Ll Py S0 <] 21
B CpﬂE+DpﬁE+QM—EFp P <p<py @h
Qep _ > p*
HE L P_PH

In the first region, the waiting region (0, py,), the option value H(p) coincides with
the value of the option in the continuation region in (18). It is optimal to wait until
the investment threshold pL is reached, and then to perform the maintenance action.
This is the same continuation region as in the standard model proposed by Ref. [11].

In the second region, the maintenance region [p},,p;), it is optimal to perform
the maintenance action immediately in order to reduce the degradation rate and
retain the option to replace it. In this case, the value of H is given by the value of
the option in the stopping region in (18), or equivalently, the difference between the
value in the continuation region in (14) and the maintenance investment cost.

The third region, the inaction region [p;,p;,), is defined by two thresholds p;
and pj, that form an intermediate region of inaction around an indifference point.
We show that the indifference point always is a part of the inaction region, where
it is optimal for the operator to wait, in A.4. It follows that H(p) on the interval
[P}, pj,)s is of the form CpPt + DpPr + % The first two terms represent the value

of waiting without having made any irréversible decisions yet. More specifically,
the first term represents the option to replace directly if the price increases to py,,
whereas the second term represents the option to invest sequentially if the price
decreases to p;. The coefficients C and D, as well as the optimal stopping thresh-
olds p; and pj, can be found by solving the value matching and smooth pasting
conditions. A feature that follows from the existence of the inaction region [p}, py,)
is that it can be optimal for the firm to undertake an investment even though the
price falls. It is optimal to exercise the maintenance investment option when the
price falls to p7, because pj is higher than pj , above which it would be optimal to
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perform the maintenance action in the constrained sequential alternative. Moreo-
ver, it is too costly to wait until the price reaches the upper threshold py, and then
invest in replacement due to the time value of money. The prerogative to choose
between two different projects, instead of being confined to either one of them,
also increases the demand for information and creates an additional incentive to
delay investment. Thus, in this particular region, it is optimal to delay the invest-
ment even though it would be optimal to invest if only the compound option was
available.

In the fourth region, the replacement region [p};, 00), it is optimal to replace imme-
diately, and the option value coincides with the option value in the stopping region in
(10).

3.4 Comparative statics

In this section, we focus on the degradation rate parameters, y; and y,,. Comparative
statics and relevant conditions are formalized in Propositions 5 and 6.

Proposition 5 An increase in yp leads to an increase in the threshold for replace-
X WPhx
= > 0.

. P)
ment before and after maintenance: aiR > 0 and .
E E
Proposition 6 Under the condition in (16), an increase in y,, and yy leads to a
decrease in the threshold for replacement after maintenance and the threshold for
maintenance, respectively:

i x

hon
b. % < 0ifand only if K,p;, > K,1);, where K, and K, are provided in (77)—~(78).
E

a. <0

Extensive numerical testing shows that the condition in Proposition 6 is met for
reasonable parameter values. These results complement existing analytical results
on the impact of changes in the drift parameter of the underlying stochastic pro-
cess. These results include Ref. [26], where the investment threshold is monotonic
in the drift, and Ref. [21], where the return function is strictly increasing in the
post-investment drift rate. A difference between our model and the above-men-
tioned studies is that we consider two performance-enhancing projects that can
boost profit, while Refs. [21] and [26] consider one project that boosts profit and
the possibility to exit operations. Therefore, our results show that monotonicity in
investment thresholds, with respect to the drift, are preserved also in the situation
when the firm instead has the option to invest in a larger project, as opposed to
exit. In the next section, we analyze the sensitivity of the thresholds with respect to
other model parameters numerically.
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4 Numerical illustrations

In this section, we examine the implications of our model in a hydropower example.
We analyze expected hitting times and study how our results are affected by changes
in selected parameter values. Furthermore, we examine the conditions under which
the optimal choice transitions from the dichotomous environment, i.e. if Proposition
(4) does not hold, to when the replace-only choice is dominant over the entire state
space, or vice versa.

4.1 Parameter choices

Our baseline parameter values are given within a Norwegian hydropower context.
When considering the efficiency of the existing machinery, we consider a mid-life
machinery that has experienced some efficiency decay but is still some time from
reaching its economic lifetime. We set 0.91 as a baseline value. The efficiency of a
new machinery reflects the state of the art for this technology. This parameter var-
ies depending on the type of machinery and on how the machinery is designed to
operate with different loads. According to Ref. [30], a suitable value for QO is 0.95,
which also gives a realistic difference between Q. and Q..

The degradation rate for machinery in the hydropower industry is quite low com-
pared to other energy generating industries. In the appraisal of applications from
Norwegian hydropower producers, the regulator, the Norwegian Water Resources
and Energy Directorate (NVE), uses a guiding degradation rate of 0.00087’, which
is a suitable choice as a baseline value. A suitable value for the post-maintenance
parameter y,, is significantly harder to find because of the lack of empirical studies
on the subject. Thus, we opt for a value which gives an obvious reduction in the deg-
radation rate so that the firm might be willing to perform a maintenance investment.
Still, the reduction cannot be too large as this would mean that the machinery virtu-
ally does not degrade, which contradicts industry observations. With this in mind,
we set the value for y,, equal to 0.0005.

The investment costs, I and I, are highly dependent on the specific hydropower
plant due to the high level of idiosyncracy. However, some general characteristics
of the relationship between the two do exist. First, the value of I, should be sig-
nificantly lower than . This is because of the difference in the physical character-
istics of the two investments. A replacement requires a brand new machinery to be
made, whereas a maintenance investment is a significantly less extensive procedure.
Moreover, a replacement typically means that the plant is unavailable for a longer
period compared to maintenance, which means that there is a higher cost associ-
ated with production loss. To quantify the suitable cost levels, we have consulted
several experts on the area. Based on these discussions, and taking the limitations
above into account, we have set I equal to 30 MNOK, I, is set to 1.75 MNOK, and

% The numerical values for Q. and Qj are based on a Francis turbine subject to Norwegian weather and
market conditions.
7 https://www.nve.no/Media/5330/veileder-elsertifikater-ou_vannkraftverk_09-02-2017.pdf

@ Springer


https://www.nve.no/Media/5330/veileder-elsertifikater-ou_vannkraftverk_09-02-2017.pdf

A real options analysis of existing green energy facilities:...

Table 1 Baseline parameter values

Parameter description Symbol Baseline value
Discount rate p 0.06
Starting efficiency of the existing machinery O 0.91
Starting efficiency of a new machinery Or 0.95
Degradation rate of original machinery YE 0.00087
Degradation rate of maintained machinery v 0.0005
Investment cost of replacement Iy 30
Investment cost of maintenance Iy 1.75
Fraction of profits lost to changed operations k 0.005
Volatility of gross profit o 0.2
Growth rate of gross profit a 0.025

fraction of profits lost to changed operations in the maintenance project, k, is set
to 0.005. In the setting of a hydropower producer with storage reservoirs, changed
operational pattern, e.g. using the machinery for production through periods with
low prices to avoid unnecessary starts and stops, implies a relatively small change in
the production schedule.

Estimation of parameters ¢ and « often demands an in-depth analysis of different
economical and site-specific factors. We use the work of Ref. [3] as a basis for ¢, and
set a to reflect the expected rate of inflation. For the volatility, we choose o = (.2 as
our baseline, whereas the drift rate, a, is set to 0.025. The discount rate for a given
repowering project, p, can vary significantly, depending on the plant’s risk character-
istics and financing. Andersson et al. [3] argue for a discount rate of 7% on an invest-
ment in a setting similar to ours. However, in recent years, the discount rate has shown
a downward trend [12]. A survey performed by a consulting and accounting firm [18]
proposes a guiding discount rate of 5.75% for a levered hydropower firm. Their results
were obtained by consulting incumbents in the Nordic hydropower industry. Since the
latter study is more up to date, we choose a discount rate of 6%.

Table 1 summarizes the baseline parameter values which are used in the analysis.

After solving (5)—(7), the thresholds for maintenance, lower threshold for wait-
ing, the threshold for replacing directly if options are valued separately, and the
threshold for replacing directly if options are valued jointly for the baseline values
are: py, = 32.1, p; =37.5, pp = 69.5, p}, = 69.7, respectively.

4.2 Value functions

Figure 3 indicates how far the replace-only option value, F(p), and the compound

option value, G,(p), are from the joint value of the options. In Fig. 3, the relative

HP)-V)-Fr@)-VP)) and HP)-VP)—(Gy(P)-VP)
H(p)-V(p) H(@p)-V(p)

and grey curves, respectively. We adjust the option values by V(p) = %, which is

the profit generated by doing nothing. The value of doing nothing enters in all

difference, are represented by black
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values, see (10), (18), and (21), and by adjusting for this value we can analyze the
additional profit generated by considering the replace-only option and compound
option, respectively. Several features can be observed. First, the compound option
adds value in the region p < pj},. This can be seen by studying the black solid line in
Fig. 3, showing a positive relative difference between the joint option value, H(p),
and the replace-only option value Fg(p) in the region p < pj,. This highlights the
added value of having a smaller investment project in the portfolio. Second, having
the option to replace directly adds value to the compound option in the region from
p > p;. In this region, the relative difference between the joint value H(p) and the
compound option value G,,(p) is positive. Third, separate valuation of the replace-
only option and the compound option leads to suboptimal investment thresholds. At
the point p we observe that the compound option value and the replace-option value
are equal. Below this, the firm would maintain immediately, and above this point the
firm would wait and replace if the price reaches pj, under separate valuations. Under
joint valuation we find triggers pj, > pj and p; < p for our base case parameter
values.

4.3 Expected hitting times

Figure 4a shows the expected time to hit the threshold py, i.e. the threshold for
replacement in the replace-only alternative, E[T], and the expected time to exit the
inaction region, E[7}], i.e. hitting either PZ from above or p; from below, given a
current price in between the thresholds.®

We observe that the expected time to exit the inaction region, for the current price
p = 50, first increases in volatility and then decreases. This can be explained by the
fact that both the replacement option and compound option become more valuable

e

exit the inaction region is E[T,] = m (1,,( » ) _In (;72)(1 _ (p/pz)l—Z(a—VF)/O‘z >/<1 _ (pz/pz)l—Z(a—Yr)/a'3 ))

8 We follow the approach presented in Ref. [436, *asd calculate the expected times to hit the investment thresh-

olds. In Fig. 4a and b, E[T}] = In(2 In F”’TR , and the expected time to

1
—02 [2+a—yp —62[2+a—yy,
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Time, years
s
Time, years

0.10 0.15 0.20 0.25 0.30 0.10 0.12 0.14 0.16 0.18 0.20 0.22
o, volatility o, volatility

(a) The expected time to hit the replace-only threshold (b) The expected time to hit the replace-only threshold

(dashed line) and to exit the inaction region (solid line) for (dashed line) and to replace after having maintained (solid
p = 50. line) for p = 30.

Fig.4 Expected hitting times as a function of volatility for the following parameter set: p = 0.06,
Qp =091, Qr =0.95, yp = 0.00087, y,, = 0.0005, I = 30, I,, = 1.75, k = 0.005, and & = 0.025

as o increases. This means that the probability of hitting the replacement threshold
first decreases with o for the initial price below this threshold, and the probability of
hitting the maintenance threshold first increases with ¢ for the initial price above this
threshold. Moreover, we observe that having the option to replace directly delays the
expected time for the firm to act by 2.4 years for our baseline of o = 0.2, compared
to only having the compound option. In addition, if the firm does not have the option
to maintain, the expected time until the investment is 80 years. Figure 4b shows the
expected time to replace with and without the compound option as a function of
volatility, at the current price p = 30. At this price, it is optimal to exercise the com-
pound option immediately for values of o between 0 and 0.20. Figure 4b shows that
the expected time spent in the maintained state is E[75] = 65 for ¢ = 0.15, while the
expected time to replace, without the option to maintain, is E[7;] = 54. Hence, a
large investment is expected to be delayed significantly with the replacement option
embedded in the maintenance option, compared to only having the option to replace.

4.4 Sensitivity analysis of investment thresholds

As comparative statics for model parameters are difficult to obtain analytically, we
perform the sensitivity analysis using numerical illustrations for reasonable param-
eter values. In the subsequent figures, we use dark grey and light gray shading to
illustrate the stopping region for the compound option and the replace-only option,
respectively. The investment threshold when the replace-only option is dominant
over the entire state space is py. The maintenance region lies between p}, and pj.
The region above pj, is the replacement region.

We start by examining the effect of volatility, o in Fig. 5.

As can be seen, the second inaction region [p;, pj,) increases in volatility. Inter-
estingly, both p7 and pj, increase in volatility, until the replace-only alternative
becomes dominant (around ¢ = 0.34). Thus, it can be optimal for the hydropower
firm to undertake an investment even though the price falls. Guerra et al. [19] find
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Fig.5 The effect of vary-

ing volatility for the follow-
ing parameter set: p = 0.06,
Qp =091,0, =095,

7 = 0.00087, y,, = 0.0005,
Ir =30, I, = 1.75, k = 0.005,
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grey region, and white is the
waiting region
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a similar behavior when considering mothballing and exit options. However, unlike
in their analysis, where the lower threshold decreases in volatility, in our model, pz
increases in o. This is due to the added value of the replacement option that is avail-
able after having exercised the maintenance option.

The effect of changing the initial efficiency of the existing machinery, Qp, is
shown in Fig. 6.

In contrast to the volatility, a lower efficiency of the machinery makes the replace-
only option dominant. To understand this, note that if the efficiency is already low,
the payoff from replacing and restarting the degradation process dominates that of
the maintenance investment, which only slows down degradation, even though the
cost is higher. In addition, we observe that when the dichotomous environment is
prevailing, all thresholds except pj, experience a significant increase when Qp
approaches Q. This is because when the net benefit of replacing the machinery is
smaller, the firm requires a drastically higher price level before it is profitable to
replace. However, the same effect has little influence on the threshold to perform the
maintenance investment, py . This can be explained by two contradicting incentives.
On the one hand, the firm has an incentive to invest in maintenance earlier because
reducing the degradation rate on a machinery with higher efficiency extends its eco-
nomic lifetime more substantially, and hence delays the subsequent replacement. On
the other hand, the threshold is indirectly affected by the replacement option through
the implicit equation (17). This gives the hydropower producer an incentive to delay
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Pk

p, price
p, price
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Iy, maintenance investment cost Iz, replacement investment cost

(a) For Ir = 30. (b) For Ips = 1.75.

Fig.7 The effect of varying investment costs for the following parameter set: p = 0.06, ¢ = 0.20,
Qr =091, Qg =0.95, yp = 0.00087, y,, = 0.0005, k = 0.005, and a = 0.025. The compound option is
exercised in the dark grey region, the replace-only option is exercised in the light grey region, and white
is the waiting region

Fig.8 The effect of varying
discount rate for the follow- 140
ing parameter set: ¢ = 0.20,
Qr =091, 0 =0.95,

7 = 0.00087, y,, = 0.0005, 100
Iy =30, 1), = 1.75, k = 0.005,
and a = 0.025. The compound
option is exercised in the dark
grey region, the replace-only 20
option is exercised in the light
grey region, and white is the
waiting region

p, price
®
2

0. . .05  0.06 0.07
p, discount rate

the investment because replacement is no longer as imminent with such a high effi-
ciency of the initial machinery. The dominating effect is the former, which leads to a
reduction in the threshold.

In Fig. 7a and b, the value of I, and I vary, respectively.

Increasing the replacement cost I increases all thresholds. In addition, the
replace-only alternative is dominating only for low values of . This is because the
value gained from the maintenance project before an eventual replacement is not
high enough compared to directly replacing the machinery for low replacement cost.
As the maintenance investment cost I, increases, the inaction region becomes larger
and the investment threshold pj, increases. The thresholds pj, and pj},, however,
decline with I,,. This is because for larger I, the replace-only option becomes more
attractive.

Figure 8 shows the effect of changing the discount rate p.

We observe that increasing p effectively devalues the sequential investment, mak-
ing the single investment choice dominant for higher values of p. A higher discount
rate dampens the relative importance of the change in drift after the maintenance
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(a) For v5 = 0.00087. (b) For yar = 0.0005.

Fig.9 The effect of varying degradation rate for the following parameter set: p = 0.06, ¢ = 0.20,
Qp =091, Qg =0.95, I, = 30, I}, = 1.75, k = 0.005, and @ = 0.025. The compound option is exercised
in the dark grey region, the replace-only option is exercised in the light grey region, and white is the
waiting region

investment, so the sequential alternative loses its attractiveness, and thus the gain
of a lifetime extension is discounted too much to be a viable choice for the firm.
Therefore, the maintenance investment region shrinks as a result of an increase in
the threshold pj, and a decline of p;. In the case of the replace-only threshold, how-
ever, it is not as clear-cut. In fact, the threshold p; deceases for low values of p and
increases for large values of p. This happens due to two opposing effects. On the one
hand, the replacement option becomes more attractive than the maintenance option
as p increases. On the other hand, however, increasing the cost of capital reduces the
value of the expected future cash flows from replacement relative to the expected
future cash flows from continuing current operations. Similar opposing effects for
the discount rate have been found in the literature, e.g. Lavrutich [28] who found
that the entry timing of a firm who considers entering a market with an active
incumbent, is non-monotonic in discount rate. For large values of p the discounting
effect dominates, and the firm is incentivized to replace the machinery earlier, mak-
ing it the more valuable option. It is also worth mentioning that the waiting region
[0, p},) and the inaction region [p;, p,) are expanding with p. This is caused by an
increased value in the option to invest in either of the two alternatives and hence
increases the opportunity cost of investing immediately.

The effects when changing the degradation rates y, and y,, are shown in Fig. 9a
and b, respectively. These Figures supplement Propositions 5 and 6 by illustrating
the investment thresholds based on a realistic set of parameter values for a hydro-
power operator. We observe that when y,, is low, the dichotomous environment
dominates, whereas for large y,, the firm will choose to replace directly. This is
because the more efficient the maintenance investment is, implying a smaller y,,, the
more valuable the maintenance option becomes. Varying y, has the opposite effect,
there the dichotomous environment dominates when y; is large. These effects can be
explained by the increased benefits of maintenance for low y,, and large y;, which
leads to an increase of the investment thresholds which define the inaction region.
At the same time, p; decreases drastically under the dichotomous regime. Both of
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these changes can be explained by the attractiveness of operating after the mainte-
nance project when the relative difference between y;; and y,, escalates. By execut-
ing the maintenance project earlier, the benefit is reaped sooner and the time until a
replacement is required is prolonged due to the decelerated degradation rate. When
yg increases, the inaction region, [pz, p:I), shrinks, while the maintenance region,
[P}, P} ), expands rapidly. Moreover, note that py is independent of y,,, since this
parameter only relates to the maintenance project in the sequential investment alter-
native. We also see that py is quite insensitive to changes in yz. This is most likely
due to the drift rate being dominated by the profitability growth a.

4.5 Limitations

In this paper, we provide a novel perspective on managing assets with deteriorat-
ing performance by quantifying the effect of correctly accounting for the mutually
exclusive mitigation options. We emphasize the real options perspective within
the field of maintenance and renewal. To keep the model tractable, we make sev-
eral assumptions, e.g., deterministic efficiency deterioration and Gaussian relative
changes in long-term prices. However, it is valuable to extend the current framework
to account for potential other real-world features, such as stochastic efficiency dete-
rioration, or breakdown risk. This can be done by, for example, assuming that the
degradation rate follows a GBM with negative drift, and that the breakdown risk
is represented by a Poisson jump process or a gamma process [41]. Intuitively, the
additional source of uncertainty in efficiency will make the option to wait more val-
uable in line with the standard real options theory. However, such extensions will
require numerical solutions. Another interesting extension is to add other options
to the investment portfolio, for example, sequential maintenance options. We dem-
onstrate our framework on a hydropower example, and the framework allows to
provide insights for investment decisions in other power generating industries, e.g.,
wind power. In order for the model to fit other particular industries, the numeri-
cal values will have to be adjusted. Compared to hydro-specific estimates, this will
likely imply slightly higher values of the efficiency deterioration [40] and in the case
of stochastic deterioration, also a higher volatility of the efficiency deterioration pro-
cess in the case of wind energy.

5 Conclusions

This paper examines the decisions of a firm concerning a potential maintenance or
replacement of machinery within a real options framework. We present a tractable
model, applicable to general asset management, where we examine the conditions
for when it is optimal to undertake investments, and possibly switch from the minor
maintenance project to the major replacement project. The paper contributes to the
literature on replacement options in mutually exclusive investment projects within
the real options framework.
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We find that there is a possibility that the investment region is dichotomous. That
is, the investment region is no longer a connected set, similar to the findings in Refs.
[9] and [19]. We demonstrate implications of our model by studying investment
alternatives for a hydropower producer facing a deteriorating efficiency of its gener-
ation units. Our analysis shows that hydropower producers are likely to operate in an
environment where the dichotomous investment environment is present. We further
find that the dichotomous environment is more likely to be present when the main-
tenance option is valuable, and that the maintenance investment becomes prefera-
ble when the volatility, the discount rate, the maintenance investment cost, and the
deterioration rate after maintenance are low, and when the replacement cost and the
deterioration rate before maintenance are high. By analyzing expected hitting times,
we find that that the replacement decision may be delayed significantly in expecta-
tion with the replacement option embedded in the maintenance option. Furthermore,
for intermediate values of the current price, the expected time for the producer to act
is first increasing in volatility, then decreasing, when the sequential investment alter-
native and replace-only alternative are valued jointly. However, if the alternatives
are valued separately, the inaction region does not exist, and the producer would
undertake maintenance investment immediately. This shows the importance of prop-
erly identifying the potential alternatives available in the project portfolio.

A Proof of Propositions
A.1 Proposition 2

The stopping value is given by

00 2
GR(p) =F I:'/O e—thRpe_((a—}’E_7)f+0'Z(l)>dt — IR = % — IR‘ (22)
E

In the continuation region, the problem is almost the same as in Proposition 1. The
differences between the two are that the initial condition and drift of the profit flow.
Using parameters from the profit flow after maintenance at time z;, we obtain the
following expression for the value of the replacement option in the continuation
region,

Gup) = Byt + LD (23)
Hm
where
1 a—-ry a =Yy 1 : 2p
pu=1-" +\/< = ‘E) +2 24)

To find the optimal stopping value, p} , the value matching and smooth pasting con-
ditions must be met. These are given by the following expressions:

@ Springer



A real options analysis of existing green energy facilities:...

Value matching:

sz* B " (1 - k)QEpM _ QRp;I _ IR. (25)
M Hu HE

Smooth pasting:

. G 1-k
ByByp, Pu=l ( )Or _ QR. 26)
Hu HE

Solving these equations to find pj and B,, yields

« Py HeHy
Py = : Mg, 27
M By~ 1 Outy— (1 =Ry * &7
By = 5 [ﬂM L Qata = (= B0pty 11", (28)
Pv — Pu HEMM Iy
Thus, the value of the option to replace in the sequential alternative is given by
sz/’M + &= k)QEp if p <pjs
Gr(p) = (29)
o L [y if p > py,-

A.2 Proposition 3

In the stopping region, one pays the investment cost to obtain the second option.
Thus, the value of the option is given by

-k
Hy

In the continuation region, the Bellman equation must hold. This equation is given
by

PGy dt = E[dGy] + Qppodt. 31

Solving this equation for the homogeneous and the particular solution yields the fol-
lowing expression for the option value:

Qp
Gy = Bpl + == (32)
,UE

where

1 a—y a—y 1\’ 2p
_1_ E e 1 P 33
Pe 2 c? * < c? 2) +62 53
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At the investment threshold, PL’ the following value matching and smooth pasting
conditions must hold:
Value matching:

. Orp), . (1 -=k)Qxp;
Bp ey =M gty EM g (34)
HE Hm
Smooth pasting:
* Pp—1 Q * Py— (1 - k)Q
B\fppy" " + =5 = Byfyp, /" + ——. (35)
HE Hm

The expression for p;, cannot be solved analytically, but implicitly solves the follow-
ing equation:
ﬂE_ﬁM % ﬂE_ 1 . QE((l —k),”E_MM)

* By
Py B +p
M2 B M Br HeHym

~1y=0.  (36)

Given the value of p;{‘/[, one can calculate the value of B, as

ﬁ_M # Py—Pr % . (1 —k)llE —MMP* 1-p

B, =B -p 37
: ? Be M ﬂE HE By M G7
Thus, the value of the option is given by
Bpﬂf+Q ifp <pi.
G =
(Do) Bophn + U0 4E k)QFp —1, itp>pr, (38)

A.2.1 Proof of Unique Solution for p;,

The implicit solution for pj, in the sequential alternative, given by (36), is of the fol-
lowing form:

¥(pi,) = Ap; M + Bpl, — C = 0. (39)

To prove the existence of a unique solution for pj, we start by defining the domain
of the above function, which is restricted to positive values only, i.e. p;] € [0, 00 >.
We also know that S, is the positive root of the quadratic equation given by (13),
and is thus greater than 1 (see [11]).

We can prove that the constants A, B and C are strictly positive. A consists of two
terms, namely ( Be— M) and the constant B, defined by (15). First, we know that

Pr > Py due to the fact that y; > y,,. This means that (ﬁE ﬂM) is always positive. In
order for B, to be positive, we must assume that

Orttyr > (1 = k)Qppig. (40)
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This inequality signifies that the net benefit of replacing the machinery after first
having upgraded it is positive. Combined, these two parts yield that A is always pos-
itive. Furthermore, to assure a positive B, we require that

(I =g 2 py- (41)

This is the same as assuming that the net benefit from upgrading the pre-existing
machinery is either zero or strictly positive, which must be true, otherwise the
option would have no intrinsic value. The last constant, C, represents the investment
cost of upgrading and is by definition always strictly greater than zero. As we know
that the constants are always positive, we can take the derivative of (39) to show that
the function is monotonically increasing

¥ (i) = ABypi " +B. (42)

Since we have already confirmed that f,, > 1, this is a monotonically increasing
function for py, € [0, c0 >. By applying the intermediate value theorem, we there-
fore know that (39) has a unique solution for p},.

A.3 Proposition 4

We know that when all thresholds are reached, the value of the sequential option
is 1), to the right relative to the option to replace directly. It is also known that the
derivative of the option value in the stopping region of G,, is less than the derivative
of the option value in the stopping region for F5. From value matching and smooth
pasting, we know that the values in the continuation regions will always converge
towards the values in their respective stopping regions in terms of both values and
derivatives. Using this, and the fact that the first derivatives of all option values
in the continuation regions are strictly positive, it can be shown that the sequen-
tial option will first converge towards a less steep function and thereafter converge
towards the right-shifted parallel line. It will therefore never cross the option value
which converges towards the stopping value of the replace-only option.

Let us, therefore, consider the option values where both alternatives are in the
first inaction region. In the case where F is more valuable, the following inequality
will hold:

FS-G5 >0 43)

Inserting the relevant expressions from (10) and (18), yields

0 Q
[Alpﬂﬁ + 22| Bt + B | = 4 pP — Bype 2 0. (44)
E E
The inequality simplifies to

A —-B >0. (45)

We now substitute these parameters by their expressions given in Egs. (11) and (19)
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_ Be _ _

Iy [ﬂE 1 QR ) [ ﬁM *ﬂM ﬁg+% ) (1 =kpug ”Mp;’:/ll’ﬂlfj > 0.

ﬁE -1 ﬁE HE ﬁE HEHM
(46)
By reformulation,
B [ﬂE‘ 1 Or—0p ]ﬂE * (I = k)pg — py

/ : Pyl —BuBupy, " — Qp—————p), 2 0.

RﬁE 1 by Inky M 2PMP E Uity M

(47)
Thus, if (47) holds, replace only will be the dominant choice in the entire state space.

A.4 The indifference point

The indifference point, p*, never belongs to any of the stopping regions and will
always be located between p; and pj,. We show this in this subsection. The point is
implicitly given by the following equation:

(1 =K)Qrur — QR,UMi)*

B,p* P +
HeHm

— (Iy —Iz) =0, (48)

where f,, and B, are given by (13) and (15), respectively. When contemplat-
ing investment, the firm will select the alternative which generates the highest net
expected profit, given the current price p. The value of investment is therefore the
highest stopping value of the two alternatives, i.e. max{GS,F5}. When the two
alternatives are equally valuable, it is called the indifference point. This point is
given as the solution to

- (I-k0 OrP
e L Ay N N (49)
Hu HE
Rearranging, we get
—~ (1 =k)Qppug — Oru o
B,j Pu 4 EME RMM Uy 1Ty = (50)

HE * My

For values of p below the indifference point, the value of the sequential option
exceeds that of the replace-only option, and vice versa for values above the indiffer-
ence point.

The intuition for why the indifference point never belongs to the stopping region
is quite instructive. We start with the heuristic argument put forward by Ref. [11]
to justify the smooth pasting condition. Suppose that the current profit is equal to
the indifference point. Then, by waiting for a small time dt, the firm can observe
the evolution of the profit without having to make any decisions. The intuitive idea
is that by waiting a little longer, the firm can observe the next step of p and choose
to invest on either side of p*. The resulting average pay-off is thus greater than the
payoff obtained by investing at the indifference point itself since the payoff at this
point is not differentiable. This is an implication that follows directly from Jensen’s
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inequality, which states that, given a convex function, equally spaced changes in p,
give rise to unequally spaced changes in V(py). In particular, V[E(p)] < E[V(p)].
This remains true even though the average payoff must be discounted because it
occurs at a later time dt. The reason is that, for a Brownian motion, the movements
are proportional to \/c?t, which is valid for the expected payoff. However, the cost
due to discounting is of magnitude d?, and thus when dr is small, the \/E—term dom-
inates. The result is that the firm is better off by waiting for more information, which
gives rise to an inaction region. Thus, whenever the inequality given by Proposition
4 does not hold, in contrast to Ref. [11], the stopping region is dichotomous, and the
optimal investment decision is not governed by a simple trigger strategy.

A.5 Values for C, D, pz‘ and p;‘,

To find the values for C, D, pz and p;, value matching and smooth pasting condi-
tions must be met at the two thresholds. The conditions at p; are given by
Value matching:

QEPz Op(1 - k)Pz

cp "+ pp) " + = +Bypt M — 1. (51)
HE Hy

Smooth pasting:

. g O 01— .
ppCpt e e prpp, T ZE 2 T g Byt (52)
HE Hm
Rearranging (52), we get
0,(1-k) 0 1
C= |4 pyBp, " == - ppop, T — (53)
Ky HE ﬂE

Inserting this into (51) and rearranging, yields

Pe—1 ug(l—k)—py w1-p; Be — By + pu—s; Pe o« -p
D=0 N R e I
“e—by  Hphm - b=y - M~ Byt
(54
By using the expression for D given by (54) in (53), we get
by =1 11—k . Py =8 . Py -
c=0, e = k) - MMle by gl P ey P b
ﬂE ﬂE HEHM ﬁ ﬂE ﬂE ﬂE
(55)
On the other end of the interval, the conditions at py, are given by
Value matching:
. . Owry  Orpj,
cplls +pplr ¢ 28 - (56)

HE HE

Smooth pasting:
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N Py N R %
peCry "+ prop T+ £ = 2K (57)
Hg  He
Rearranging (57), we get
- * 1-Pg
HE Pe
Inserting this in (56) and solving for D, yields
-1 - . 1p- . g
D= By g P (59)
Pe — ﬂE HE Pe = ﬂE
By using the expression for D given by (59) in (58), we get
c= i ey S (60)

=ﬂE—ﬁE HE " Rﬁg—ﬁE &

The expressions for C and D in both ends of the inaction region can be generalized
by using the following expressions:

ﬁi -1 QR - QE 1-p; _ ﬂi -5

M.. = J=R = I i,
i) ) py 1% R _ﬁjp 61)
ﬁi -1 ﬂE(l —k)— Hy 1_p ﬂi = By By —P: ﬁi 3
N. . = . i + B, —————pPM~Pj — [ i .
z,/(p) QE.B, _ ﬂj gty P + 2 ﬁi _ ﬂj P Mﬂ,‘ _ ﬂjp
(62)

By setting equal the two expressions for both constants, it is possible to rearrange
the initial system to
For C:

Ny (py) = My (pyy)- (63)
For D:
Ny, (py) = My, (pyy). (64)

These expressions can now be used to obtain the thresholds p; and py, by using a
numerical solution procedure.

A.6 Proposition 5

We start with the first part. To prove this, we follow Ref. [28]. Taking the deriva-
tive of expression (8) with respect to yg gives
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0Bg
o I ~Heg, T PeBe— 1)
ovg Or — Ok (Pg — 1)? '
where
a—yg 1
B _ = 2 1
a)’E 0_2 (a YE _ )2 O'2
B

‘1}’
o2y [(Ek )2

Rearrangin and using the expression for
VAG=ake )2 az(ﬁE - % + = ), gives
9Pk

ﬂ _ Iy B _ HESy,
Ovg (Or—0p)| B -1 (1- ﬁE)z

B

I g, -t
T (0r-0p)| B -1 (1 = Bp)>

LBy | Be— D@ S +a—vp) - g
Ce=00| (1= gy fla =y = 27 +2

LBy | S+ @ =re = D) — p+ 1B — 10
R R e
_ IRﬁE0'2
204 - 0p)(1 - by f@—re =3P + 20

Differentiating (12) with respect to y gives

Py & _ #MIRQR.BI%,,
org By — D Qs — (1 —)Qppp)?’

(65)

(66)

Pes

(67)

(68)

which is greater than zero for all f§,, > 1, which shows the second part of the

proposition.
A.7 Proposition 6

Differentiating (12) with respect to y,, gives
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o, . ~ iy Qg = (L= Q) = Qo (1 = Ky (Byy = 1)
B — I M
oy R (Qrttyr = (1= Qg (By = 1?

<0,

(69)
since 2u > 0, By > 0 and Qg iy — (1 — k)Qppp > 0 if the condition in (16) is met.
For the maintenance threshold, let f denote the implicit equation (17). We have

daf  of  of 9py

0=—=—+——, 70
dyg  Odrg  0py, Ovg 70

which implies

apM _ ‘)YF
dy, A 71
ap},
Computing the denominator
af Be = Py +p,—1 ﬁE -1 up(l = k) — py
= Bay———ry" 0 ; 72
oapy, 2 P M Pe £ HEMm 72)

which is positive given the precondition in (16). We are left to show that % is posi-
E

tive when the condition holds. Differentiating f with respect to y; gives

of 1
- = al + 612 + a3 N 73
e Hpb; ( ) (73)

where

9p " o (el —k)—p
a = a_EﬂE ﬁMPA,fMMEBz + QEPM % s
E

M
aBz Py 2

B EpM ”E(ﬁEﬂM ﬂE)
az = QEpM(ﬂI%? = Pp).
Differentiating B, with respect to y gives
9B, _ _@(ﬂM -1 <uMQR - —k)QEuE>>”M‘1
Oy ,ué Py Ipppiy
_ OrBrtiu
uE(yMQR ~ (1 =0Qeup)

Inserting for — and £ given by (66) into (73), and eliminating szM using the

a2:

(74)

implicit equatlon f glves
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af «
oyg
where
1
K, = —, 7
UeBE(Be — ve)(Be — % + %) (76)
1 a—v M2
_ E E
K1 = Pube( (b= 5+ =% ) (Be = )= =5 ). @)
2
H 1 a-—y
K, = O__IZZCI(:HE - ﬁEﬂM) + <ﬂE ) + o2 - >(ﬂE - 1)(ﬁE - ﬂM)(QE + CICZ'HM)’
(78)
where
_0u(( = Rpg — uy)
! HEHM '
OrHehy
C2 = .
Hy Or — 1- k)QEﬂE
Hence, % > 0 if and only if
E
Kopy, > K1y, (79)
and combined with (71), (72), and (16), this implies % < 0, which shows the sec-

ond part of the proposition.

Acknowledgements We thank Roel Nagy for valuable discussions for computing comparative statics
analytically. We gratefully acknowledge support from the Research Council of Norway through project
268093, and the research centers HydroCen, RCN No. 257588, and NTRANS, RCN No. 296205.

Funding Open access funding provided by NTNU Norwegian University of Science and Technology
(incl St. Olavs Hospital - Trondheim University Hospital).

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is
not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licen
ses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

E. M. Dgnnestad et al.

References

1. Adkins, R., Paxson, D.: Optimality in asset renewals. In: Proceedings of the 10th Annual Interna-
tional Conference on Real Options (2006)

2. Adkins, R., Paxson, D.: Rescaling-contraction with a lower cost technology when revenue declines.
Eur. J. Oper. Res. 277(2), 574-586 (2019)

3. Andersson, A., Elverhgi, M., Fleten, S.E., Fuss, S., Szolgayova, J., Troland, O.: Upgrading hydro-
power plants with storage: timing and capacity choice. Energy Syst. 5(2), 233-252 (2014)

4. Bellman, R.: Equipment replacement policy. J. Soc. Ind. Appl. Math. 3(3), 133-136 (1955)

5. Berg, M.P.: Economics oriented maintenance analysis and the marginal cost approach. In: Reliabil-
ity and Maintenance of Complex Systems, pp. 189-205. Springer (1996)

6. Bobtcheft, C., Villeneuve, S.: Technology choice under several uncertainty sources. Eur. J. Oper.
Res. 206(3), 586—600 (2010)

7. Boomsma, T.K., Meade, N., Fleten, S.E.: Renewable energy investments under different support
schemes: A real options approach. Eur. J. Oper. Res. 220(1), 225-237 (2012)

8. Compernolle, T., Huisman, K., Kort, P.M., Lavrutich, M., Nunes, C., Thijssen, J.: Investment deci-
sions with two-factor uncertainty (2017). SSRN working paper

9. Décamps, J.P.,, Mariotti, T., Villeneuve, S.: Irreversible investment in alternative projects. Econ.
Theory 28(2), 425-448 (2006)

10. Detemple, J., Kitapbayev, Y.: The value of green energy: Optimal investment in mutually exclusive
projects and operating leverage. Rev. Financ. Stud. 33(7), 3307-3347 (2020)

11. Dixit, A.K., Pindyck, R.: Investment Under Uncertainty. Princeton University Press, Princeton
(1994)

12. Egli, F., Steffen, B., Schmidt, T.S.: A dynamic analysis of financing conditions for renewable energy
technologies. Nat. Energy 3(12), 1084 (2018)

13. EIA: Hydroelectric generators are among the United States’ oldest power plants - Today in Energy
- U.S. Energy Information Administration (EIA) (2017). https://www.eia.gov/todayinenergy/detail.
php?id=30312

14. Fleten, S.E., Maribu, K.M., Wangensteen, I.: Optimal investment strategies in decentralized renew-
able power generation under uncertainty. Energy 32(5), 803-815 (2007)

15. Fraser, J.M., Posey, J.W.: A framework for replacement analysis. Eur. J Oper. Res. 40(1), 43-57
(1989)

16. Garg, A., Deshmukh, S.: Maintenance management: literature review and directions. Journal of
Quality in Maintenance Engineering (2006)

17. Goldberg, J., Lier, O.E.: Rehabilitation of hydropower: an introduction to economic and technical
issues  (2011). http://documents.worldbank.org/curated/en/518271468336607781/pdf/717280W
POBox370powerOforOpublishing.pdf. Accessed 10 May 2019

18. Grant Thornton: Renewable Energy Discount Rate Survey Results—2017 (2018). http://www.clean
energypipeline.com/Resources/CE/ResearchReports/renewable-energy-discount-rate-survey-2017.
pdf. Accessed 15 Feb 2019

19. Guerra, M., Kort, P., Nunes, C., Oliveira, C.: Hysteresis due to irreversible exit: Addressing the
option to mothball. J. Econ. Dyn. Control 92, 69-83 (2018)

20. Hagspiel, V., Huisman, K.J., Kort, P.M.: Volume flexibility and capacity investment under demand
uncertainty. Int. J. Prod. Econ. 178, 95-108 (2016)

21. Hagspiel, V., Huisman, K.J., Kort, PM., Nunes, C.: How to escape a declining market: Capacity
investment or exit? Eur. J. Oper. Res. 254(1), 40-50 (2016)

22. Hartman, J.C.: A general procedure for incorporating asset utilization decisions into replacement
analysis. Eng. Economist 44(3), 217-238 (1999)

23. IRENA: Hydropower Technology Brief (2015). https://www.irena.org/publicationsearch?keywo
rds=Hydropower

24. Jin, X., Li, L., Ni, J.: Option model for joint production and preventive maintenance system. Int. J.
Prod. Econ. 119(2), 347-353 (2009)

25. Kozlova, M.: Real option valuation in renewable energy literature: Research focus, trends and
design. Renew. Sustain. Energy Rev. 80, 180-196 (2017)

26. Kwon, D.: Invest or exit? Optimal decisions in the face of a declining profit stream. Oper. Res.

58(3), 638-649 (2010)

@ Springer


https://www.eia.gov/todayinenergy/detail.php?id=30312
https://www.eia.gov/todayinenergy/detail.php?id=30312
http://documents.worldbank.org/curated/en/518271468336607781/pdf/717280W%20P0Box370power0for0publishing.pdf
http://documents.worldbank.org/curated/en/518271468336607781/pdf/717280W%20P0Box370power0for0publishing.pdf
http://www.cleanenergypipeline.com/Resources/CE/ResearchReports/renewable-energy-discount-rate-survey-2017.pdf
http://www.cleanenergypipeline.com/Resources/CE/ResearchReports/renewable-energy-discount-rate-survey-2017.pdf
http://www.cleanenergypipeline.com/Resources/CE/ResearchReports/renewable-energy-discount-rate-survey-2017.pdf
https://www.irena.org/publicationsearch?keywords=Hydropower
https://www.irena.org/publicationsearch?keywords=Hydropower

A real options analysis of existing green energy facilities:...

217.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Lange, RJ., Ralph, D., Stgre, K.: Real-option valuation in multiple dimensions using poisson
optional stopping times. J. Financ. Quant. Anal. 55, 653-677 (2019)

Lavrutich, M.: Capacity choice under uncertainty in a duopoly with endogenous exit. Eur. J. Oper.
Res. 258(3), 1033-1053 (2017)

Linnerud, K., Andersson, A.M., Fleten, S.E.: Investment timing under uncertain renewable energy
policy: An empirical study of small hydropower projects. Energy 78, 154-164 (2014)

Liu, X., Luo, Y., Karney, B.W., Wang, W.: A selected literature review of efficiency improvements
in hydraulic turbines. Renew. Sustain. Energy Rev. 51, 18-28 (2015)

Lucia, J., Schwartz, E.: Electricity prices and power derivatives: Evidence from the Nordic power
exchange. Rev. Deriva. Res. 5(1), 5-50 (2002)

Mauer, D.C., Ott, S.H.: Investment under uncertainty: The case of replacement investment deci-
sions. J. Financ. Quant. Anal. 30(4), 581-605 (1995)

McLaughlin, R., Taggart, R.A., Jr.: The opportunity cost of using excess capacity. Financ. Manage.
21(2), 12-23 (1992)

Pindyck, R.S.: The long-run evolutions of energy prices. The Energy Journal 20(2) (1999)
Reindorp, M.J., Fu, M.C.: Capital renewal as a real option. Eur. J. Oper. Res. 214(1), 109-117
(2011)

Richardson, S., Kefford, A., Hodkiewicz, M.: Optimised asset replacement strategy in the presence
of lead time uncertainty. Int. J. Prod. Econ. 141(2), 659-667 (2013)

Rohlfs, W., Madlener, R.: Multi-commodity real options analysis of power plant investments: dis-
counting endogenous risk structures. Energy Syst. 5(3), 423-447 (2014)

Sadorsky, P.: Wind energy for sustainable development: Driving factors and future outlook. J. Clean.
Prod. 289, 125779 (2021)

Siddiqui, A., Fleten, S.E.: How to proceed with competing alternative energy technologies: A real
options analysis. Energy Econ. 32(4), 817-830 (2010)

Staffell, I., Green, R.: How does wind farm performance decline with age? Renew. Energy 66, 775—
786 (2014)

Van Noortwijk, J.: A survey of the application of gamma processes in maintenance. Reliab. Eng.
Syst. Saf. 94(1), 2-21 (2009)

Welte, T.: Deterioration and maintenance models for components in hydropower plants. Ph.D. the-
sis, NTNU, Faculty of Engineering (2008)

Wong, K.P.: The effect of uncertainty on investment timing in a real options model. J. Econ. Dyn.
Control 31(7), 2152-2167 (2007)

Yilmaz, F.: Conditional investment policy under uncertainty and irreversibility. Eur. J. Oper. Res.
132(3), 681-686 (2001)

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published
maps and institutional affiliations.

@ Springer



	A real options analysis of existing green energy facilities: maintain or replace?
	Abstract
	1 Introduction
	1.1 Contributions in light of existing literature

	2 Models
	3 Characterization of optimal policies and values
	3.1 Replace-only option
	3.2 Compound option: maintenance before replacement
	3.3 Joint framework for the compound option and the replace-only option
	3.4 Comparative statics

	4 Numerical illustrations
	4.1 Parameter choices
	4.2 Value functions
	4.3 Expected hitting times
	4.4 Sensitivity analysis of investment thresholds
	4.5 Limitations

	5 Conclusions
	Acknowledgements 
	References




