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Abstract

In recent years, many countries and firms seek the new and renewable energy to cope with the impending global
environmental crisis, such as depletion of fossil-based energy, climate change to control emissions of greenhouse
gases. This paper aims to take the perspective of the firm, which undertakes the energy R&D project to max-
imize profits implying minimization of total cost as well. Incorporating technical and market risks into energy
R&D project is crucial, in that the managers often face the rapidly changing environment full of uncertainties.
The firms should incorporate managerial flexibility into energy R&D project decision not only reducing uncertain
risks, but also increasing potential market payoff. This research considers a multi-stages decision model in which
real-option-based analysis is applied for energy R&D project under fuzzy environment. Specifically, the market
payoff is obtained when the new and renewable energy product is commercialized to market, while energy R&D
investment costs are exhausted gradually. Furthermore, the uncertain development performance and market infor-
mation are described as fuzzy variables by credibility theory. Instead of the traditional real option pricing methods,
the dynamic programming methodology that captures the uncertain product development performance and final
market return is developed to more effectively characterize the managerial flexibility. This method can reflect the
multi-stages nature of R&D programme, while helping decision-makers take the optimal investment decision and
capture future market opportunities of energy products.

Keywords: Energy R&D project, managerial flexibility, fuzzy variable, real option

1. Introduction

The accelerating shortage of fossil-based energy resources and shocks of oil prices, coupled with regulatory re-
sponses to impending global warming such as the climate change policy for reduction of greenhouse gas emissions,
have prompted clearly the increasingly important sources of developing new and renewable energy such as wind,
photovoltaic, thermal heat, and biological organisms (Kim etc., 2014). In recent years, the research and devel-
opment (R&D) expenditure on various renewable energy sources has increased aggressively. Many countries are
aggressively investing in new and renewal energy R&D programs and promoting policies to expand the use of
renewable energy technologies. Indeed, R&D can be seen as an important competitive tool to maintain the level
of market profitability, as well as to ensure its anticipated return in the mid-term future for a science-based energy
firm. Although R&D can play a critical role for achieving new and renewable energy products, it undertakes huge
and perilous uncertainties as the investment of R&D has high risks and unknown returns, especially, the energy
products may fail to market and the firm can not capture the emerging market opportunities (Hassanzadeh etc.,
2012).

The R&D decision-makers are faced with the main difficulties of increasing complexity and high expenditures.
R&D virtually involves a long and deferrable planning process and uncertain returns, which stems from several
important features, for examples, capability implications, programmatic risks, total costs, resource allocations,
and market return. Thus, these features have prompted decision-makers to continually search for more efficient
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R&D investment decision-making methods which may lead to a better accommodation of inherent development
difficulties. Therefore, decision-makers or policy-makers can use managerial flexibility to capture the peculiarities
of policies, so as to accord with the initial policy targets.

Managerial flexibility means the utilization of management principles and approaches to adjust decision objects
for contending with external circumstance changes, and to guarantee these methodologies to adapt the restrained
terms (Lee & Shih, 2010). The real option evaluation methodology can provide an analytical framework for man-
agerial flexibility which can be neglected by the conventional analytical methods, for instances, discounted cash
flow (DCF) and net present value (NPV). For example, Childs and Triantis (Childs & Triantis, 1999) considered
the real option valuation of R&D programs under dynamic and uncertain environments, in which investment poli-
cies should balance the negative forces of incremental expenditures and the decrease of investment flexibility in
allusion to the positive effects of fast uncertainty solutions and expedited cash flows. Huchzermeier and Loch
(Huchzermeier & Loch, 2001) examined five kinds of operational uncertainties, which include market returns,
programme expenditures, development performance, demand levels, and development times. And they concluded
that these variabilities may decrease the possibility of managerial flexibility. Krishnan and Bhattacharya (Krishnan
& Bhattacharya, 2002) proposed that the “pizza-bin” method of abandoning potential technologies could not effi-
ciently provide firms with profits, while the challenges to various products are huge. Santiago and Vakili (Santiago
& Vakili, 2005) considered the situation that whether the uncertainty increases the flexible value of R&D project,
which can be seen as the ability to carry new products into market with the least variabilities. They found the
negative conclusions in contrast to Huchzermeier & Loch (2001). Wang and Yang (Wang & Yang, 2012) devel-
oped a flexibility management approach based on Huchzermeier & Loch (2001) for capturing the option value of
development projects. Bommel etc. (Bommel etc., 2014) presented a quantitative approach for determining the
optimal ordering of operating R&D projects drawing on the same underlying technology based on the real option
analysis structure of Huchzermeier & Loch (2001).

As mentioned above, common quantitative studies on managerial flexibility of R&D investment decision can be
categorized as Black and Scholes equations, binominal lattice model, contingent claims analysis, and dynamic
programming model (Wang & Yang, 2012). Although the major quantitative formulations in these research are
presented on account of statical information, many researchers strive to construct random models which can de-
scribe the natural attributes of R&D investment decision. However, an obvious defect of these stochastic models is
that the real data required for development projects are often difficult to collect effectively for the sake of absence
for sufficient historical information. Therefore, randomly stemming from a proper probability distribution to de-
scribe R&D properties, for instances, market payoff, resource expenditure, or product performance, may be full of
difficulties. Fuzzy set presented by Zadeh (1965) is a strict quantitative outline for describing vague and inaccurate
messages in mentioned above situations. Fuzz theory provides an appropriate structure for dealing with imprecise
and vague development attributions, when it is difficult to obtain enough data, or even to collect timely historical
information. Fuzzy set can effectively present a precise description of subjective judgements. Furthermore, it can
be particularly efficient on the condition that the feasible value scopes of development attributions may be provided
by experts’ subjective opinions.

The literature about fuzzy set applied to managerial flexibility of R&D investment decision has been developed
abundantly under incomplete information. As an early application, Carlsson and Fullér (Carlsson & Fullér, 2003)
formulated a simple fuzzy real option valuation framework in which the expected cash flows and costs are all
described as trapezoidal fuzzy sets. In order to obtain the optimal exercise time, the possibilistic mean value
and variance of fuzzy numbers are presented in a fuzzy environment. Wang and Hwang (Wang & Hwang, 2007)
developed a compound options valuation method which can be applied to estimate the values of development
projects. Otherwise, the proposed methodology can be transformed to decision-making analysis assistants which
can be used to select the suitable R&D project under an uncertain circumstance. Liao and Ho (Liao & Ho, 2010)
presented a fuzzy binomial options model in which managerial flexibilities of R&D projects can be revealed in
vague and fuzzy situations. Furthermore, the fuzzy NPV of investment projects can be described by right-skewed
possibility distribution in that managerial flexibilities maintain the potential of increasing return while restricting
the negative loss.

An obvious shortcoming of the mentioned-above methodologies is the strict hypothesis of the option pricing mod-
els, because it is often supposed that product payoff follows the stochastic geometric Brownian motion. Realizing
this restriction, Wang etc. (Wang etc., 2011) presented an improvement of Least Squares Monte-Carlo simulation
used to the quantitative evaluations for fuzzy real option pricing of risky projects on the conditions of the sample
paths generated by backward induction method. You etc. (You etc., 2012) adopted a fuzzy real option approach
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for enterprise resource planning (ERP) investment in which fuzzy returns evaluation is applied to dealing with
uncertain attributes for minimizing the failure loss of ERP projects. Hassanzadeh etc. (Hassanzadeh etc., 2012)
developed an effective R&D portfolio selection methodology in which the fuzzy pay-off model is used to valuate
the flexible value of development project. They, moreover, discussed the value of managerial flexibility, that is not
emphasized in the NPV-based evaluation framework.

This paper considers a multi-stages decision model for the optimal investment policy of energy R&D project, tak-
ing into account R&D variabilities as risk events described by fuzzy variable that have a optimistic or pessimistic
effects on the policy targets. It is always obvious that decision makers do not really prefer to handle complex
mathematical formulations of decision-making. Therefore, simplicity should be taken into consideration for striv-
ing to maintain distinction to the greatest extent. Dynamic programming model, which is composed of uncertain
R&D information and described as more realistic formulation of investment planing by mathematical equations,
is proposed to analyze crucial development risks methodically and determine proper decision operations ahead
of increasing managerial flexibility based on real option analysis in accordance with Santiago and Vakili (2005).
Since managerial flexibility is not the internal attribute of energy R&D project, the presented method can recog-
nize the potential risky factors, develops a serious of real options to capture the risky factors, afterwards the fuzzy
decision model is used to evaluate the value of opportunity and take the decision options, which can maximize
the market payoff of R&D project. R&D decision makers can obtain managerial flexibility of risky energy R&D
project by improving its upside potential, and avoid threats by restricting negative losses with respect to the original
prospection.

The organization of the paper is given as follows. In the next section, we review the fuzzy representation of
uncertain and flexible information and the basics of fuzzy variables and quantitative credibility theory relevant
to the methodology presented. In Section 3, the fuzzy multi-stages optimization framework for energy R&D
evaluation is developed. In Section 4, we build to derive the theoretical model and describe the value of managerial
flexibility. Section 5 concludes this paper.

2. Fuzzy Variables Preliminaries

Zadeh (1965) first introduced the theory of fuzzy set, and applied it to deal with the uncertain sets without clear
boundaries. For a more extensive application of fuzzy theory, Liu (2002) proposed fuzzy variables and credibility
theory. Here, the basic definitions and operations of fuzzy variables and credibility theory will be reminded in the
following.

2.1 Fuzzy Variables and Credibility Theory

Definition 1. (Nahmias, 1978) Assume that Θ is a nonempty set representing the sample space, and P(Θ) is the
power set of Θ (namely, P(Θ) is the collection of all subsets of Θ). For each A ∈ P(Θ), a nonnegative number
Pos{A} is named as the possibility measure that implies the occurring possibility of event A, so

(1) Pos{∅} = 0, Pos(Θ) = 1;

(2) Pos{∪k Ak} = supk Pos{Ak} for each collection {Ak} in P(Θ).

Then, the function Pos is defined as a possibility measure, such that the triplet (Θ,P(Θ),Pos) is said to be a
possibility space.

Theorem 1. (Liu, 2002) Assume that (Θ,P(Θ),Pos) is a possibility space. We can obtain

(1) 0 ≤ Pos{A} ≤ 1 for any A ∈ P(Θ);

(2) Pos{A} ≤ Pos{B} whenever A ⊂ B;

(3) Pos{A ∪ B} ≤ Pos{A} + Pos{B} for any A, B ∈ P(Θ). It means that the possibility measure is sub-additive.

Definition 2. (Liu, 2002) A fuzzy variable ξ can be named as a mapping function from the possibility space
(Θ,P(Θ),Pos) to the set of real numbers R.

Definition 3. (Liu, 2002) Suppose ξ is a fuzzy variable on possibility space (Θ,P(Θ),Pos).

(a) If Pos{ξ < 0} = 0, then ξ is nonnegative.

(b) If Pos{ξ ≤ 0} = 0, then ξ is positive.

(c) If Pos{ξ = x} is a continuous function of x, then ξ is continuous.
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Theorem 2. (Liu, 2002) If the fuzzy variable ξ is continuous, then both Pos{ξ ≤ x} and Pos{ξ ≥ x} are continuous
functions of x. Otherwise, Pos{x ≤ ξ ≤ y} is a continuous function on {(x, y) | x < y}.

Definition 4. (Liu, 2002) Suppose that ξ is a fuzzy variable on possibility space (Θ,P(Θ),Pos), x ∈ R. Then its
membership function can be obtained through the possibility measure with

µ(x) = Pos{θ ∈ Θ
∣∣∣ ξ(θ) = x}.

Example 1. A triangular fuzzy variable can be described as the triplet (r1, r2, r3) with three crisp numbers r1 <
r2 < r3, then its membership function is expressed by

µ(x) =



x − r1

r2 − r1
, if r1 ≤ x ≤ r2

x − r3

r2 − r3
, if r2 ≤ x ≤ r3

0, otherwise.

Remark 1. In the real world, we can use a fuzzy variable η to describe some uncertain information. Allow for
that µ(x) signifies the occurring possibility of the event which η equals to x for a given real number x, then it may
be applied to identify the magnitude of R&D risk. For instance, the R&D project risk caused by uncertain event
with incomplete information may be characterised as a fuzzy variable. So µ(x) can means the occurring possibility
which the realistic measure of risk is just equal to x.

Definition 5. (Liu, 2002) Let ξ and η be two fuzzy variables defined on the possibility space (Θ,P(Θ),Pos), then
we say ξ = η if and only if ξ(θ) = η(θ) for all θ ∈ Θ.

Definition 6. (Liu, 2002) A series of fuzzy variables ξ1, ξ2, . . . , ξn are considered to be independent if and only if

Pos{ξi ∈ Bi, i = 1, 2, . . . , n} = min
1≤i≤n

Pos{ξi ∈ Bi} (1)

for any Borel sets B1, B2, . . . , Bn ofℜ.

Based on possibility measure Pos, we now recall necessity measure depicted by Nec and credibility measure
depicted by Cr of fuzzy event with the following definitions.

Definition 7. (Liu, 2004) Assume that (Θ,P(Θ),Pos) is a possibility space, A is a set in P(Θ), and Ac is the
opposite set of A. So necessity measure of A can be described as the impossibility of the opposite set Ac with the
following formulation

Nec{A} = 1 − Pos{Ac}. (2)

Theorem 3. (Liu, 2004) Suppose that (Θ,P(Θ),Pos) is a possibility space. Then we have

(1) Nec{Θ} = 1, Nec{∅} = 0;

(2) Nec{A} = 0 whenever Pos{A} < 1;

(3) Nec{A} ≤ Nec{B} whenever A ⊂ B;

(4) Nec{A} + Pos{Ac} = 1 for any A ∈ P(Θ).

Definition 8. (Liu & Liu, 2002) Assume that (Θ,P(Θ),Pos) is a possibility space, and A is a set in P(Θ). It follows
that credibility measure of A can be depicted as the mean value of its possibility and necessity with the following
formulation

Cr{A} = 1
2

(Pos{A} + Nec{A}) . (3)

Remark 2. From the described theory mentioned above, we know that even if its possibility is 1, the fuzzy event
still has the failure risk. On the other hand, even if its necessity is 0, the fuzzy event still maybe holds. On the
contrary, if its credibility is 1, then the fuzzy event must holds. Otherwise, if its credibility is 0, then the fuzzy
event must fails. So credibility maybe plays the same role as probability measure.

Theorem 4. (Liu, 2002) Assume that (Θ,P(Θ),Pos) is a possibility space, and A is a set in P(Θ). Thus we show
that

Nec{A} ≤ Cr{A} ≤ Pos{A}. (4)
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Theorem 5. (Liu, 2004) Assume that (Θ,P(Θ),Pos) is a possibility space. Thus, it can be shown that

(1) Cr{Θ} = 1, Cr{∅} = 0;

(2) Cr{A} ≤ Cr{B} whenever A ⊂ B;

(3) Cr is self dual, namely, Cr{A} + Cr{Ac} = 1 for any A ∈ P(Θ);

(4) Cr is sub-additive, namely, Cr{A ∪ B} ≤ Cr{A} + Cr{B} for any A, B ∈ P(Θ).

Definition 9. (Liu & Liu, 2002) Assume that ξ denotes a fuzzy variable. Then we show that the expected value of
ξ is given as follows

E[ξ] =
∫ +∞

0
Cr{ξ ≥ r}dr −

∫ 0

−∞
Cr{ξ ≤ r}dr (5)

on condition that at least one of the two integrals is finite.

Definition 10. (Liu, 2002) Suppose that ξ is a fuzzy variable, and α ∈ (0, 1]. So we have the following critical
values.

ξin f (α) = inf
{
r
∣∣∣ Pos{ξ ≤ r} ≥ α

}
and ξsup(α) = sup

{
r
∣∣∣ Pos{ξ ≥ r} ≥ α

}
(6)

represent the α-pessimistic value and the α-optimistic value of ξ, respectively.

Proposition 1. (Liu & Liu, 2002) Assume that ξ is a fuzzy variable, and its expected value is denoted by E[ξ].
Thus, we have the following equivalent expression of expected value.

E[ξ] =
1
2

∫ 1

0

(
ξin f (α) + ξsup(α)

)
dα. (7)

Definition 11. (Liu & Liu, 2002) Assume that ξ is a fuzzy variable, and its expected value can be denoted by a
finite number M. Then we have the variance of ξ as follows

V[ξ] = E[(ξ − M)2]. (8)

2.2 Fuzzy Arithmetic

Definition 12. (Liu, 2002) We suppose that f : ℜn → ℜ is a mapping function, and ξ1, ξ2, . . . , ξn are fuzzy
variables on the possibility space (Θ,P(Θ),Pos). Then we obtain ξ = f (ξ1, ξ2, . . . , ξn) is a fuzzy variable defined
as

ξ(θ) = f (ξ1(θ), ξ2(θ), . . . , ξn(θ)) (9)

for any θ ∈ Θ.

Example 2. Let ξ1 and ξ2 be two fuzzy variables on the possibility space (Θ,P(Θ),Pos). Then their sum and
product are expressed by

(ξ1 + ξ2)(θ) = ξ1(θ) + ξ2(θ), (ξ1 × ξ2)(θ) = ξ1(θ) × ξ2(θ)

for any θ ∈ Θ.

Theorem 6. (Liu & Liu, 2002) Let ξ and η be independent fuzzy variables with finite expected values, a and b are
any two real numbers. Thus,

E[aξ + bη] = aE[ξ] + bE[η]. (10)

Theorem 7. (Liu & Liu, 2002) Assume that ξ is a fuzzy variables with a finite variance, and a, b are two real
numbers, so

V[aξ + b] = a2V[ξ].

Theorem 8. (Liu, 2002) Suppose that ξ is a fuzzy variables with a expected value M, so we call that V[ξ] = 0 if
and only if Cr{ξ = M} = 1.
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3. Multi-stages Decision Model for Energy R&D Project

The energy technology development is often involved with some types of risk factors, especially technical and
market risks, long and deferrable planning duration, and uncertain final payoffs. The R&D process may usually be
described as a multi-stages decision process in which a real option structure is recognized to deal with the identified
potential risks, and the proper options which can increase the potential value of managerial flexibility for energy
R&D project are evaluated and adopted (Lee & Shih, 2010).

3.1 Performance State and Management Decision

In this study, we adopt the real option structure in accordance with Huchzermeier & Loch (2001) and Santiago &
Vakili (2005). The interested readers may consult the detail modelling methods in these literature. We suppose
that the R&D project of new and renewable energy has T development stages: t = 0, 1, · · · ,T − 1. For any stage
t, the decision maker considers three kinds of options: the option to continue energy development, the option to
improve energy development, and the option to abandon energy development. In that the project’s value depends
on the final product introduced to energy market, the product value can be represented by the performance state of
R&D project. It is assumed that Xt denotes the development performance of R&D project at the starting point of
stage t, and X0 = 0. We assume that fuzzy variable ξt depicts the uncertain description of development risk at stage
t, and ut represents the management decision at the starting point of stage t. Thus, the development status of R&D
project at the completion of stage t can be described as

Xt+1 =

{
Xt + k(ut) + ξt, if ut = continue or improve,

Xt, if ut = abandon, (11)

where,

k(ut) =


0, if ut = continue,

1, if ut = improve.
(12)

Consequently, if the energy development project is undertaken at the “continue” level under the increasing oil price,
the performance at the following period will maintain the same value as that at present stage add some uncertain
measure. Otherwise, if the project is set up on the “improve” level under the higher and higher oil price, it takes the
value that one unit of improvement add the uncertain effect. Otherwise, if the project is funded at the “abandon”
level for some reason, the development performance remains in the stopped state in the following stages of the
project.

To describe the proposition about performance level of energy R&D project, the ranking criteria of fuzzy variables
can be given as follows.

Definition 13. (Liu, 2002) Let ξ and η be two fuzzy variables defined on the possibility space (Θ,P(Θ),Pos). We
say ξ ≥ η if and only if ξ(θ) ≥ η(θ) for all θ ∈ Θ. That is, ξ ≥ η if and only if Φ(x) ≤ Ψ(x) for all x ∈ ℜ, where Φ
and Ψ are credibility distributions of ξ and η, respectively.

To concentrate on the implementation issue, four ranking criteria for ranking fuzzy variables are given by Liu
(2002) as follows.

(1) Expected Value Criterion. It can be said that ξ > η if and only if E[ξ] > E[η], where E denotes the expected
value formulation of fuzzy variable.

(2) Optimistic Value Criterion. It can be said that ξ > η when and only when, for certain given confidence level
α ∈ (0, 1], then ξsup(α) > ηsup(α), in which ξsup(α) and ηsup(α) are the α-optimistic values of ξ and η,
respectively.

(3) Pessimistic Value Criterion. It can be said that ξ > η when and only when, for certain given confidence
level α ∈ (0, 1], then ξinf(α) > ηinf(α), in which ξinf(α) and ηinf(α) are the α-pessimistic values of ξ and η,
respectively.

(4) Credibility Criterion. It can be said that ξ > η when and only when Cr{ξ ≥ r} > Cr{η ≥ r} for certain given
level r.
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In the following, we give the proposition of the performance state of energy R&D project under fuzzy environ-
ments.

Proposition 2. We consider an R&D project with two decision situations. In situation 1, the R&D project is
supposed that either to continue or to improve; in situation 2, it is supposed that to continue at all stages (namely,
the second situation accords with the assumption of traditional NPV calculations). Assume that Xt and X

′
t are the

states of the project under situation 1 and 2 at the beginning of stage t, respectively. So we have

Xt ≥ X
′

t . (13)

Proof. We assume that the initial performances of the project are equal at stage 0, i.e., X0 = X
′

0 = 0. Otherwise,
Xt and X

′
t are fuzzy variables on the possibility space (Θ,P(Θ),Pos). Assume that Xt−1(θ) ≥ X

′

t−1(θ) for all θ ∈ Θ
at the stage of (t − 1). Furthermore, the optimal decision u∗ are taken by decision maker at the stage of (t − 1) in
scenario 1. Then the performance of stage t can be given as follows.

Xt(θ) = Xt−1(θ) + k(u∗) + ξt−1(θ) ≥ X
′

t−1(θ) + ξt−1(θ) = X
′

t (θ). (14)

The proof is completed.

3.2 Development Uncertainty

The uncertainty of new and renewable energy technology development ξt(t = 0, . . . ,T − 1) contains not only the
internal technology risk, but also the external market risk sources. Huchzermeier & Loch (2001) described five
kinds of uncertain factors, i.e., market return variability, expenditure variability, performance variability, market
requirement variability, and schedule variability. Here, the ξt are described as a set of independent and identi-
cally distributed (iid) bounded fuzzy variables defined on the possibility spaces (Θ,P(Θ),Pos). Furthermore, the
expected values of ξt are assumed as 0 because that the project performance may take on improvement or deterio-
ration state in face of different uncertain events. The expected value operator and variance operator of ξt are given
as the following formulations

E[ξt] =
∫ +∞

0
Cr{ξt ≥ r}dr −

∫ 0

−∞
Cr{ξt ≤ r}dr = 0, (15)

V[ξt] = E[(ξt − E[ξt])2]. (16)

Here, the variance V[ξt] may be considered as a measure of development risk or variability.

In the methodology mentioned above, the value of development status can vary with the resolution of uncertainty.
For instance, we assume that the development status of R&D project is denoted by Xt at the starting point of stage
t, if the uncertainty presented by ξt can be resolved, then we can obtain the new development status described as
Xt + k(ut) + ξt when the stage t is completed. Otherwise, all other factors of R&D project maintain still the old
status. Thus, it is said that the internal development uncertainty can be characterised by fuzzy variable ξt at stage t.
On the other hand, when we allow the development status involving the project performance about external market
information, then the fuzzy variable ξt can also reflect somewhat information of external market requirement in
some sense. For instance, when the new market information represents a higher customers requirement level than
before obtained, it can be reflected by a lower project performance status in the end of stage t.

3.3 Development Cost and Market Payoff

In this settings, the development cost can be effected by managerial flexibility through the decision choice of de-
cision maker. When the decision maker chooses the abandon option, the development process of energy R&D
project may be timely stopped, hence there is no more development expenditure which will be employed. Other-
wise, when the decision maker chooses other options, the incurred development cost can often be influenced by the
following factors, such as the performance status at the review stage t, and the decision action chosen by decision
maker in stage t. The cost function can be depicted by Ct(ut) as follows

Ct(ut) =


c(t), if ut = continue,

c(t) + a(t), if ut = improve,

0, if ut = abandon.

(17)

175



www.ccsenet.org/ijsp International Journal of Statistics and Probability Vol. 4, No. 3; 2015

Here, c(t) is a continuation cost when the decision action is continuation, and a(t) means an additional improvement
cost with the exception of continuation cost c(t) under the improvement option. Otherwise, there is no costs
incurred at the stopped state.

The continuation cost c(t) is a normal investment in order to maintain the project, but the improvement cost a(t)
is an extra cost for technological difficulties, i.e., increasing the R&D engineers or buying the experiment devices.
It is need an original investment I to carry out the energy R&D project at the starting stage 0. It is assumed that
the investment is incurred at the beginning of each stage and the payoff or cost can be discounted with the risk-
free discount factor r. At the final stage T , the developed product will be launched into the market. If the final
performance status of developed product is denoted by XT , then we can obtain a market payoff R(XT ) with the
following formulation

R(XT ) =


m, if XT < η,

M, if XT ≥ η,
(18)

where η is a certain performance level required by market to satisfy the customers.

If the new and renewable energy product reaches or exceeds the market requirement level η, the energy firm can
capture a large market return M. Then, the developed product will take on a competitive advantage over the same
type of other product. Otherwise, when the developed product dose not meet the market requirement level η, the
firm may only obtain a small market return m. It means that the product must to compete with other competitive
product by the price strategy. Furthermore, we usually do not know the market requirement level η before the
developed product is commercialized. The market requirement level η can be described as a fuzzy variable with
the following expected value and variance

E[η] =
∫ +∞

0
Cr{η ≥ r}dr −

∫ 0

−∞
Cr{η ≤ r}dr, (19)

V[η] = E[(η − E[η])2]. (20)

For any θ ∈ Θ, the development performance at stage T can be expressed by XT (θ), and Cr{XT (θ) ≥ η} means the
credibility of event {XT (θ) ≥ η}. Then, the expected value of market payoff R(XT ) can be given as follows.

E[R(XT (θ))] =
∫ +∞

0
Cr{R(XT (θ)) ≥ r}dr

=

∫ m

0
Cr{R(XT (θ)) ≥ r}dr +

∫ M

m
Cr{R(XT (θ)) ≥ r}dr

= m +
∫ M

m
Cr{XT (θ) ≥ η}dr

= m + Cr{XT (θ) ≥ η} ·
∫ M

m
dr

= m + Cr{XT (θ) ≥ η} · (M − m).

(21)

The credibility distribution function of fuzzy variable η is assumed as Φ(·). Then

E[R(XT (θ))] = m + Φ(XT ) · (M − m). (22)

3.4 Value Function and Optimal Policy

Following the traditional dynamic programming structure of multi-stages decision problems, the decision choice
of intermediate stage can be seen as a judgement of whether the devoted cost of this stage is fully recovered by
the final market return. The midterm expenditure with each decision choice can be determined through the cost
function equation (17) mentioned above; thus, each decision choices may be dependent on its assessment for the
final market return, in which the value function can represent the measurement of this assessment. Therefore, the
features of value function can greatly influence the optimal choices. In particular, the internal associativity can be
characterized by the standard dynamic programming with the following formulation

Vt(Xt) = max
ut

E
[
−Ct(ut) +

1
1 + r

Vt+1(Xt+1(Xt, ut, ξt))
]
. (23)

176



www.ccsenet.org/ijsp International Journal of Statistics and Probability Vol. 4, No. 3; 2015

The value function Vt(Xt) means the expected discounted value of performance status at the starting point of stage
t. For the final stage T , VT (XT ) = E[R(XT )]. The Vt(Xt) is the expected discounted net return under the optimal
policy. So the investment before stage t can be seen as the sunk cost. The decision maker only consider the
comparison of the cost and payoff at stage t. Thus, the type of value function is a critical factor for obtaining the
optimal policy through the traditional backward recursion. Santiago & Vakili (2005) gave the proposition of value
function under random environment. Now, we describe the proposition under fuzzy uncertainty.

Proposition 3. Let x be the performance state of the project. If the expected value of final payoff function E[R(x)]
is a monotone nondecreasing function, so the value function of any reviewed stage, i.e., Vt(x), t = 0, 1, . . . , T − 1,
is also a monotone non-decreasing function.

Proof. The proof can be operated by the standard backward recursion. VT (x) = E[R(x)] is monotone nondecreasing
in x by assumption. Now we assume that Vt+1(x) is monotone nondecreasing in x. Let x1 and x2 be two performance
states at stage t, and x2 > x1. Then we need to prove that Vt(x2) ≥ Vt(x1) only.

Choosing the optimal decision u∗ to maximize the value function Vt(x1) when the performance state is x1 at stage
t. Assume that the decision choice is also u∗ when the performance state is x2 at stage t. Here, the firm obtains the
value function V ′t (x2) which maybe is not the maximum under this situation. Then we have

(1) When the optimal decision u∗ is continue or improve, it can be shown that

V ′t (x2) − Vt(x1) =
1

1 + r
E[Vt+1(x2 + k(u∗) + ξt) − Vt+1(x1 + k(u∗) + ξt)].

(2) When the optimal decision u∗ is abandon, then

V ′t (x2) − Vt(x1) = 0.

Assume that ξt is a fuzzy variable defined on the possibility space (Θ,P(Θ),Pos), so x1+k(u∗)+ξt and x2+k(u∗)+ξt
are all fuzzy variables on the possibility space (Θ,P(Θ),Pos). Since x2 > x1, then x2 + k(u∗) + ξt > x1 + k(u∗) + ξt.
Hence, it follows that

Vt+1(x2 + k(u∗) + ξt) − Vt+1(x1 + k(u∗) + ξt) ≥ 0.

Here, the fuzzy variable is nonnegative, so the expected value of fuzzy variable is also nonnegative. Hence,

E[Vt+1(x2 + k(u∗) + ξt) − Vt+1(x1 + k(u∗) + ξt)] ≥ 0.

and so,
V ′t (x2) − Vt(x1) ≥ 0.

Since Vt(x2) is the maximal project value under the optimal decision at state x2, it follows that Vt(x2) ≥ V ′t (x2).
Hence, we obtain that Vt(x2) − Vt(x1) ≥ V ′t (x2) − Vt(x1) ≥ 0. That is,

Vt(x2) ≥ Vt(x1),

and the proof is completed.

By making use of the monotonicity of value function, we then obtain the following lemma of abandon decision.

Lemma 1. If the optimal decision is to abandon an energy R&D project with performance status x at stage t, then
at any status smaller than x at this stage, the optimal decision must be to abandon the energy R&D project.

Proof. Let x′ be an other performance status at stage t, and x′ < x. Consider that the optimal decision is to abandon
the energy R&D project with the status x at stage t, Vt(x) = 0. Monotonicity of V(x) means that Vt(x′) ≤ Vt(x).
Since Vt(x) = 0, we see that Vt(x′) ≤ 0. Otherwise, Vt(x′) ≥ 0 since terminating the energy R&D project at
performance status x′ generates a value of 0. Thus, Vt(x′) = 0. We can know that the optimal decision is to
abandon the energy R&D project with status x′ at stage t.

4. Value of Management Flexibility for Energy R&D Project

Huchzermeier & Loch (2001) presented five kinds of drivers characterized by uncertainty, in which the market
factors include market return variability and market requirements variability, the project factors are composed of
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three parts, namely, budget variability, performance variability, and schedule variability. Here, we only focus on
three uncertain factors, including market payoff, performance state, and market requirement, as the analysis in
the framework of dynamic programming model which is based on the standard structure of Santiago & Vakili
(2005). Therefore, the budget and schedule are treated as deterministic factors and the other uncertain factors can
be characterized as fuzzy variables which more accords with real situations. In addition, the parameters according
to these variabilities are the difference of market payoff (M − m), the variance of development uncertainty V[ξt],
and the variance of market requirement level V[η]. As the development uncertainty is mainly characterized by
the market payoff, this paper only analyzes the market factors which contains the market payoff and the market
requirement.

4.1 Increased Variability of Market Payoff on the Option Value

For the influence of market payoff, we would first debate the optimistic sides of the effect of increased variability. In
the above section, we suppose that the market payoff may take on two potential outcomes. When the final product
performance XT is larger than the customer requirement level η, then the firm can obtain the premium market
payoff M. On the other hand, when the final product performance XT is smaller than the customer requirement
level η, then the firm can obtain the basic market payoff m. The measure of variability for market payoff may be
denoted by the range (M −m). Let b = (M +m)/2 and b = (M −m)/2 denotes the mean value and risk magnitude
of market payoff, respectively. Then M = b + d and m = b − d.

Consider two projects that are identical except for their market payoff. The payoff values for project 1 are denoted
by M and m and those for project 2 by M′ and m′. Suppose these two projects have the same mean value of market
payoff b = (M + m)/2 = (M′ + m′)/2. The different risk magnitudes of market payoff are d and d′, respectively,
and d′ > d. The market payoff function for project 1 is represented as R(x), and R′(x) denotes the market payoff
function for project 2, where x is the performance status of energy R&D project. Therefore, the theory of expected
payoff can be given as follows.

Theorem 9. The difference of expected market payoff (E[R′(x)] − E[R(x)]) is an increasing function of x.

Proof. Let the market requirement level η be a fuzzy variable on the possibility space (Θ,P(Θ), Pos), which has
the credibility function Φ(x). Then

Φ(x) = Cr{θ ∈ Θ|η(θ) ≤ x}.

Following the equation (22), we have

E[R(x)] = m + Φ(x) · (M − m) = b − d + 2d · Φ(x) = b + d(2Φ(x) − 1)

and
E[R′(x)] = m′ + Φ(x) · (M′ − m′) = b − d′ + 2d′ · Φ(x) = b + d′(2Φ(x) − 1).

The difference of these two functions is

E[R′(x)] − E[R(x)] = b + d′(2Φ(x) − 1) − (b + d(2Φ(x) − 1)) = (d′ − d)(2Φ(x) − 1).

Here, Φ(x) is an increasing function of x, and d′ − d > 0, then E[R′(x)] − E[R(x)] is also an increasing function of
x. The proof is completed.

The value of R&D project have two parts: the option value and the NPV (Net Present Value). So the option value
can be denoted by the difference of project value and NPV. In fact, the NPV is just the project value when the
decision is continue at all periods. Assume that the decision maker has not choose the abandon decision as the
optimal policy, then the proposition can be described as follows.

Proposition 4. If the variability of market payoff increases, then the option value of energy R&D project will
increase.

Proof. Let Xt be the performance status of project 1 at stage t under the optimal policy, and let X′t be the perfor-
mance status under the NPV assumption. Otherwise, the value functions of project 2 are denoted by V ′ and V̄ ′

under the optimal policy and the same policy with project 1, respectively. It should be noted that these two projects
are identical except for their market payoff. Then the project 2 has the same performance statuses Xt and X′t with
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project 1. Hence, these two projects have the same development cost. The difference of value between project 1
and 2 at stage 0 under the optimal policy is given as follows.

V̄ ′0 − V0 =
E[R′(XT )]
(1 + r)T − E[R(XT )]

(1 + r)T =
E[R′(XT )] − E[R(XT )]

(1 + r)T .

Therefore, the subtraction of value under the NPV assumption is such that

NPV ′0 − NPV0 =
E[R′(X′T )]
(1 + r)T −

E[R(X′T )]
(1 + r)T =

E[R′(X′T )] − E[R(X′T )]
(1 + r)T .

From Theorem 9, we see that the difference of expected market payoff is an increasing function and XT ≥ X′T (from
Proposition 2). Then

V̄ ′0 − V0 ≥ NPV ′0 − NPV0.

Since V ′ ≥ V̄ ′ under the optimal policy for project 2, it follows that

V ′0 − V0 ≥ V̄ ′0 − V0 ≥ NPV ′0 − NPV0.

That is,
V ′0 − NPV ′0 ≥ V0 − NPV0.

Namely, the option value of project 2 is larger than or equal to the option value of project 1. Thus the proof is
completed.

4.2 Increased Variability of Market Requirement on the Option Value

The variability of market requirement can be measured by the variance, V[η], of the fuzzy variable of market re-
quirement level η. Furthermore, the expected value E[η] holds constantly. Note that an increase of the variance
V[η] means a decrease of the known information about external market requirement at the time of product com-
mercialized. The following proposition providers the influence on the option value by the variability of market
requirement.

Proposition 5. If the variability of market requirement increases, then the option value will decrease.

Proof. Let the market requirement levels of project 1 and 2 be η and η′, respectively. Noted that E[η] = E[η′]
and V[η] < V[η′]. The other conditions are identical for these two projects. From equation (22), we see that the
expected values of market payoff are equal for these two projects, and the variability of market payoff for project
2 is smaller than project 1. That is,

R′(XT ) − R′(XT−1) < R(XT ) − R(XT−1).

Following Proposition 4, we can obtain that the option value of project 2 is smaller than the option value of project
1 and the proof is thus completed.

5. Conclusions

This paper considers a simple multi-stages decision model for energy R&D project, where the uncertain factors
include market payoff, product performance, and market requirement level. The decision maker often faces three
choice option: continue, improve, and abandon. Thus the management decisions of energy R&D project have the
value of managerial flexibility. We analysis the influence of market variability on the real option value. Specifically,
the increased variability of market payoff can increase the option value of energy R&D project; otherwise, the
increased variability of market requirement can decrease the option value of energy R&D project. The outcomes
of this research throw light on the work of energy R&D policy decision-makers. For example, the variabilities of
product performance and market requirement are often little for a relatively mature product. The decision-maker
can divides the few decision stages in that the project has the larger flexibility value. On the other hand, the
decision-maker should schedules the many decision stages in order to obtain the larger flexibility value for the new
and renewable energy which has the larger variabilities of product performance and market requirement.
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