
Chapter 9
A Stochastic Programming Model
for Evaluating Real Options in Wind
Power Investment Projects

Han Qin and L. K. Chu

Abstract This study is concerned with the evaluation of wind power projects
under the Clean Development Mechanism (CDM), not only for the purpose of
CDM verification, but also for the financing of the project. A real options model is
developed in this paper to evaluate the investment decisions on wind power
project. The model obtains the real value of the project and determines the optimal
time to invest wind power project. Stochastic programming is employed to eval-
uate the real options model, and a scenario tree, generated by path-based sampling
method and LHS discretization, is constructed to approximate the original sto-
chastic program.

Keywords Clean Development Mechanism (CDM) � Stochastic programming �
Real options � Wind power investment

9.1 Introduction

Environmental issues have received global attention and carbon trading is con-
sidered to be a primary solution to reduce greenhouse gas (GHG) emissions. As a
developing country, China is mainly involved in the Clean Development Mech-
anism (CDM), which is one of the instruments created by the Kyoto Protocol to
facilitate carbon trading, and China’s corporations related to environmental
investments are facing the decision problems under the uncertainty of carbon
price.

According to the statistics of international wind energy committee, over 80 %
of carbon emissions come from the energy industry, of which 40 % is due to the
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generation of electricity. Wind energy holds huge potential in emission reduction
since it produces no greenhouse gas. Despite the fact that the production of a
windmill itself consumes a significant amount of energy (about 3–6 months of
power generated by the plant) and hence causing carbon emission, the average life
length of wind turbine can last 20 years or so. Since the implementation of CDM,
wind power in China gets substantial development. In 2008, there were 314 wind
power projects in China, ranking first in the world, amidst the world total of 647.

However, recent wind power project applications have suffered a major setback
due to policy changes of the CDM Executive Board (CDM EB). In 2010, up to 14
wind power projects from China were rejected by the CDM EB. For a wind power
project to be approved, the applicant has to show that the project can effectively
reduce carbon emission and that the project will be profitable—the argument of
‘additionality’. It is mainly the latter requirement that rule out projects that need
funding from CDM. Also, a project can qualify for CDM funding only if no other
private investment has been sought and secured. The CDM EB will not approve an
application if the applicant is unable to produce a valid revenue/profit model for
evaluation by the CDM EB. Therefore, it is interesting to study the real value of
wind power projects under CDM mechanism, not only for the purpose of CDM
verification, but also for the financing of the project.

In fact, the revenue of a CDM wind power project comes from two parts:
income of electricity and earning from Certified Emission Reductions (CERs). The
uncertainty of carbon price makes the evaluation of wind power projects more
difficult. Low net present value (NPV) means little reward for investors. However,
if the strategic value and options value could be considered also, the real value
would be different from traditional NPV.

Traditionally, investment decisions are evaluated by means of the discounted
cash flow method (DCF) in which the NPV of an investment is often used.
However, DCF often tends to underestimate the value of high technology projects
which may actually be viable, mainly because of the conservatively high risk rate
assumed at the beginning of the investment. Moreover, DCF is not an adequate
methodology as the situation requiring strategic flexibility, where investment
decisions can, at some cost, be deferred to some proper future date. Another
drawback of DCF is that it cannot deal with the possible varying cost of GHG
emission credits.

In reality, corporations have the option to defer investment to some future date.
One tool that can prove beneficial in this type of investment environment is the use
of real options. This approach treats options at different stages as part of its overall
decision making process. A real options model is developed in this paper to
evaluate the investment decisions on wind power projects under the CDM
mechanism. The model determines the optimal time to invest wind power project
using real options. Stochastic programming is employed to evaluate the real
options embedded in the wind power project investment.
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9.2 Literature Review

9.2.1 Environmental Investment Methods

As organisations are becoming increasingly environmentally conscious, the related
investment decisions have become an important consideration for management.
Some studies have discussed how environmental investments could benefit
organisations (Nehrt 1996; Porter and van der Linde 1995; Bonifant et al. 1995).
Nevertheless, many studies seem to investigate the issues in an empirical or
conceptual way, and do not incorporate any quantitative analysis. On the other
hand, some quantitative techniques have been proposed, such as stochastic
dynamic optimisation (Birge and Rosa 1996), mixed integer programming
(Mondschein and Schilkrut 1997), activity based costing (Presley and Sarkis
1994), and data envelopment analysis (Sarkis 1999). Although these models are
advanced and mathematically complex, the most popular technique used by
organisations still is the DCF method, which is essentially a cost-benefit analysis
based on the time value of money. The DCF method, which is mainly based on the
evaluation NPV, is simple and practical. However, DCF largely has ignored the
option to defer an investment. It thus seems that the dynamic option value
embedded in the options approach, which can be very useful in analysing some
investments, has not been adequately explored in assessing the true value of a
technology project.

9.2.2 Real Options Analysis

The fundamental hypothesis of the traditional DCF method is that future cash
flows are static and certain, and management does not need to rectify an invest-
ment strategy in face of changing circumstances (Myers 1977). Nevertheless, this
is inconsistent with the real-life situations. In practice, corporations often face
many uncertainties and risks, and the management has to deal address such
uncertainties proactively. This means that the issues of operating flexibility time
strategy have to be considered (Donaldson et al. 1983).

Other than DCF, real options analysis can be used to deal with investment options
and managerial flexibility. The real options method has its roots in financial options,
and it is the application and development offinancial options in the field of real assets
investment. It is generally agreed that the pioneering work in real options was due to
Myers (1977). The work suggested that, although corporation investments do not
possess of forms like contract as financial options do, investments under a situation
of high uncertainty still have characteristics which are similar to financial options.
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Therefore, the options pricing method can be used to evaluate the investments.
Subsequently, Myers and Turnbull (1977) suggested a ‘Growth Options’ for cor-
poration investment opportunity. Kester (1984) further developed Myers’ research,
and argued that even a project with an unfavourable NPV could also have investment
value if the manager had the flexibility to defer investment until a later date.

After three decades of development, the theory of real options has become an
important branch and a popular research topic. By examining the different
managerial flexibility embedded in real options were able to divide real options
into seven categories: Option to Defer, Option to Alter Operating Scale, Option to
Abandon, Option to Switch, and so on. Other types of options have also been
proposed and studied by researchers (O’Brien et al. 2003; Sing 2002).

The real options theory has been applied to investment problems in many
different fields including biotechnology, natural resources, research and develop-
ment, securities evaluation, corporation strategy, technology and so on (Miller and
Park 2002). It has also been applied to a gas company in Britain, leading to the
conclusion that certain projects are not economically feasible unless they are
permitted to have a faster price rise (Sarkis and Tamarkin 2005). Qin and Chu
(2011) developed a real options model to determine the optimal time to invest in
Carbon Capture and Storage (CCS) project in China, and analysed the behaviour
of China green technology business. It took the emission credits cost into con-
sideration and verified the real options analysis by evaluating environmental
related investments.

9.2.3 Stochastic Programming

Stochastic programming is a popular modelling framework for decision making
problems under uncertainty in a variety of disciplines. Applications can be found
in fields such as portfolio optimisation (Cariño et al. 1998; Cariño and Ziemba
1998) and power generation (Dentcheva 1998). Benefited from the well developed
optimisation techniques in mathematical programming, stochastic programming is
insensitive to the stochastic processes and constraints, and thus can easily be
applied to complex decision making problems including valuating compound real
options with path dependency. de Neufville (2004) employed stochastic mixed
integer programming to manage path dependency and interdependency of com-
pound real options embedded in a water resources planning problem.

In this paper, stochastic programming is chosen for solving the wind power
investment problem for the reason that it can easily model the complexity of the
portfolio of the real options embedded regardless of the stochastic processes of
uncertain factors.
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9.3 Real Options Model

A license to invest in a wind power plant is a real option, which means that the
investor has the right, but not the obligation, to exercise the payment of investment
to obtain the revenue from the project. Facing the uncertain future and the irre-
versibility of decisions, the investor would value the opportunity to wait and get
more information about future conditions. The objective of this real options model
is to obtain an optimal timing of a wind power investment decision problem under
carbon price uncertainty.

9.3.1 The Deterministic Model

Different from the traditional NPV method, the real options analysis considers not
only whether to invest, but also when to invest. The opportunity to invest in a wind
power plant could be taken as an option, whose value is given by the following
equation:

ROV ¼ max NPVoð Þ � NPVs ð9:1Þ

where NPVs is the static NPV of the wind power project investment without
considering any management flexibility, i.e., investment is made at stage t = 1.
NPVo is the investment with timing options, i.e., the investor could delay the
investment to the optimal time. Let T be the numbers of the planning periods,
normally it is around 20 years as the franchise periods of wind power project in
China is 25 years, and it takes several years to construct the power plant. The
decision variable is denoted as Xt, where Xt is a 0–1 variable. If the investor
exercises the investment at stage t, Xt = 1. Otherwise Xt = 0. t 2 1; . . .; Tf g.

Xt ¼ 1; to invest
0; not to invest

�
t 2 1; . . .;Tf g

Under the CDM mechanism, the revenues due to the investment in wind power
come from two sources. The first is derived from the income of the electricity
generated and sold (RE). RE is deterministic because the feed-in tariff in China is
determined in the bidding. The other revenue is made due to the income of CERs
(RC), which is uncertain because the carbon price varies from time to time. The
revenue of investment R (per kWh) in wind power is the sum of these two parts:
R = RE ? RC. In the proposed real options model, we will focus on the income
of CERs.

If the wind power plant produces Et (tonne) CERs per unit electricity output every
year, and all the CERs are tradable in the carbon trading market. Then, the income
from CERs sales is At * Et. Denote by It the initial investment, and the construction
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will take k years, Qt as the annual generating capacity (kWh) of the wind power
plant, Ct as the unit cost of generating output, NPVo can be expressed as follow:

NPVo ¼
XT

t¼1

Xt �1t

1þ cf

� �t�1 þ Qt
XT

K¼tþk

pt þ At � Et � ct

1þ cð Þk�1

 !
ð9:2Þ

where
It Initial investment
Qt Annual generating capacity
Ct Unit cost of generating output
Et Annual CERs emission
k Construction period
c Discount rate
cf Risk-free rate.

To obtain the real options value, we need to maximise the NPVo. The decision
problem can be described as:

max NPVo ð9:3aÞ

s.t.

XT

t¼1

Xt ¼ 1; 8t 2 1; . . .; Tf g ð9:3bÞ

Xt ¼ 0 or 1; 8t 2 1; . . .; Tf g ð9:3cÞ

9.3.2 The Stochastic Model

The revenue of investment R (per kWh) in wind power is uncertain because of the
uncertainty of the revenue from CERs (RC), which can change considerably
depending on factors such as environment policy legislation, cost of alternative
fuels, product market demand and so on. Assume the price of CERs At shifts
stochastically over time represented by the geometric Brownian motions:

dAt ¼ lAtdt þ rAtdWt ð9:4Þ

where
At Price of CERs at the end of time period t
Wt The standard Brownian motions process
l Carbon price drift
r Carbon price volatility.
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The stochastic process is assumed to be exogenous and independent of the
decision variables in the deterministic model. In addition, the process is considered
to follow some discrete distributions. A scenario tree is used to represent this type
of discrete stochastic process.

Figure 9.1 shows a scenario tree representing the evolution paths of the sto-
chastic variable At. The nodes in the tree are the states of At. A decision is made at
each node so as to choose an option to exercise. Over the planning horizon, each
particular scenario is reflected by the path from the root node to the particular
ending node. At stage t, nodes are indexed as (t, n), the number of nodes is Nt,
where 2 t; . . .; Tf g and n 2 t; . . .;Ntf g. Carbon price on node (t, n) is expressed as
Pt

n, and the unconditional probability is expressed as Pt
n. Thus, a scenario can be

expressed as the vector of 1; n2; . . .; nt; . . .nT½ �, with probability PPT
n . Some of the

variables and parameters used in the deterministic model should be modified as
follows:

Xt
n ¼

1; to exercise

0; not to exercise

�
t 2 1; . . .; Tf g; n 2 1; . . .;NT

� �

At
n The price of CERs at the end of time period t node n; t 2 1; . . .; Tf g; n 2 1; . . .;Ntf g

PT
n Unconditional probability of stochastic event At

n; t 2 1; . . .; Tf g; n 2 1; . . .;Ntf g
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Fig. 9.1 Scenario tree
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Based on the notations above, NPVo can be modified as follows:

NPVo ¼
XT

t¼1

Pt
nXt

n

�It

1þ cf

� �t�1 þ Qt
XT

k¼tþk

pt þ At
n � Et � ct

1þ cð Þk�1

 !
ð9:5Þ

and the decision problem can be expressed as:

max NPVo ð9:6aÞ

s.t.

XT

t¼1

Xt
n ¼ 1; 8t 2 1; . . .; Tf g; n 2 1; . . .;Ntf g ð9:6bÞ

Xt
n ¼ 0 or 1; 8t 2 1; . . .; Tf g; n 2 1; . . .;Ntf g ð9:6cÞ

9.3.3 Scenario Generation

Given the assumption that the prices of CERs At
n shift stochastically over time

represented by the geometric Brownian motions, which is expressed in Eq. (9.4),
the sample paths of At

n can be obtained. Figure 9.2 shows the result of 50 sample
paths with parameter values in Table 9.1.

In general, continuous distributions cannot be incorporated directly in sto-
chastic programs because of the infinite number of scenarios that need to be
examined. For this reason, discrete distributions are generally used to approximate
the continuous distribution of stochastic parameters. The quality of scenario tree,
which consists of such discretized distributions, is vital to the accuracy of the final
solutions.
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Fig. 9.2 Sample paths of CERs price
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Various methods have been proposed to generate scenario tree. These can be
classified into external sampling and internal sampling methods. External sam-
pling methods consist of optimal discretization sampling, conditional sampling,
moment-matching, and path-based sampling. Internal sampling is actually a sto-
chastic program solving algorithm with scenarios to be sampled during the solu-
tion procedure. Commonly used internal sampling methods are stochastic
decomposition, stochastic quasi-gradient, EVPI-based sequential important sam-
pling (Chu et al. 2005).

Equation (9.4) describes the price of CERs At
n as a known stochastic process. For

the sake of simplicity, path-based sampling is applied to generate the scenario tree,
and Latin Hypercube Sampling (LHS) is employed in this study to discretize At

n.

9.4 Case Study

In order to investigate the application of stochastic programming in the evaluation
of real options, a case study is carried out. Data are collected from a wind power
station in Huitengshile Inner Mongolia China, which began its construction in
2005 and went into operation in 2008 (Zhu 2011). The data is shown in Table 9.1.

We sampled 500 scenarios by LHS. The NPV�0 is found to be 4.278 million
Yuan at year 11, whereas the static NPV is 2.045 million Yuan. The difference
between them is the value of real options embedded in the wind power project
investment. If the strategic value and options value are not considered, the real
value would be underestimated. However, the result also shows that investor tends
to delay the exercise of wind power investment until the price of CERs increases to
certain level.

Table 9.1 Value of parameters

Notation Parameter Unit Value Data source

It Initial investment Yuan 2141129600 Wind Power station
In Huitengshile
Inner Mongolia

Qt Annual generating capacity kWh 5919000
Ct Unit cost Yuan/kWh 0.1976
k Construction length Year 2
T Operation period Year 20
Et Annual CERs T 51429.6

A1
1 Price of CERs Yuan 50 Estimated

l Carbon price drift 0.6
r Carbon price volatility 0.18
c Discount rate 0.15
cf Risk free rate 0.05
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9.5 Conclusion

Stochastic programming is a powerful technique for solving decision making
problems under uncertainty. In this study, a real options model is developed to
evaluate the investment decisions on wind power projects under the CDM. A
scenario tree, generated by path-based sampling method and LHS discretization, is
constructed to approximate the original stochastic program.

This study has considered only the option to delay in the investment of wind
power projects. However, there are other important types of options to consider
during the operation of wind power projects, especially under the CDM and
China’s franchise clause for power station operation. The proposed model can be
extended to incorporate abandon options. In addition, multi-players can also be
considered to study the optimal bidding price of electricity.
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