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ABSTRACT. This paper presents a methodology for evaluating public investments in railway infrastructure
based on the theory of real options, using the binomial model combined with dynamic programming proce-
dures and Monte Carlo simulation. This modelling was proposed in order to overcome the inefficiencies in
the evaluation process of projects conducted by the Brazilian public agencies, as pointed out by World Bank
studies. According to these studies, there is evidence that the various managerial and regulatory instances of
the Brazilian government have been limited to applying classical analysis techniques, considering only the
discounted cash flow indicators, instead of paying more attention to risk issues, as well as to the possibilities
of managerial flexibility. The proposed analytical procedures are recommended to support infrastructure in-
vestment decisions that can be transferred to the private sector or to guide the formation of public-private
partnerships (PPPs).

Keywords: evaluation of railway infrastructure projects, binomial real options model, dynamic
programming.

1 INTRODUCTION

Public investments in transport infrastructure projects are intended to provide improvement in
social welfare, either by favouring the displacement of individuals, in the case of passenger trans-
portation, or by motivating an increase in the productivity of private capital, in the case of cargo
transportation; in this case, increases in private investment and aggregate demand are expected,
which will contribute to economic growth and social welfare.

Although improving social welfare is the goal of this type of public investment, doubts remain
about its effective scope. The work of Aschauer (1989) analyzed the productivity of public ex-
penditures in the United States in the 1970s and 1980s. With regard to public investments in in-
frastructure, such as roads, highways and airports, the study found empirical evidence that such
expenditures were determinants in the productivity of the American national income. In this line
of analysis, the study by Rodrigue (2009) showed that every dollar invested in the US inter-
state highway network during the years 1954 to 2001 contributed six dollars to the economy’s
productivity.
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2 BINOMIAL REAL OPTIONS MODEL WITH DYNAMIC PROGRAMMING

A study conducted by Rajaram (et al., 2014) within developing countries reinforces the im-
portance of public investments in infrastructure in economic growth. However, this study
also showed that such investments could provide greater economic development if a series
of inefficiencies were corrected, especially from the institutional point of view, such as the
following:

• Often, the project is proposed by a particular ministry and is subject to review by the fi-
nance ministry. Weak interaction processes between ministries can lead to delays in project
appraisal and implementation;

• Allocating resources to a project requires a multi-year commitment, which can impose
challenges of continuity of purpose in a politically managed budget;

• Large infrastructure projects often involve acquisition of problem areas and issues of re-
settlement, environmental protection and complex institutional change, which can result in
significant delays and cost increases;

• Projects can be driven by political considerations and subject to different review criteria,
which can reduce the credibility of the ex ante facto assessment process.

Among the inefficiency drivers above mentioned, the last of them stands out and is addressed
within the scope of the economic feasibility assessment phase, which guides the investment
decision making process.

In the Brazilian case, a study carried out by the World Bank (2009) showed technical limitations
in the phase of assessment of the economic feasibility of public projects, highlighting deficiencies
in the elements:

a) Strategic guidance and preliminary screening;

b) Formal evaluation of projects;

c) Independent review of the evaluation;

d) Budget and project selection;

e) Project implementation;

f) Project adjustments;

g) Operation of facilities;

h) Project evaluation.

The World Bank study (2009) pointed out that the Brazilian government has achieved improve-
ments in these areas, highlighting the efforts that have been made to qualify staff and in the
adoption of analysis techniques that are more appropriate to the reality. However, the study did
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not make a critical analysis of the methods of economic analysis adopted in the evaluation of
projects.

The article by Bock and Trück (2011) highlighted this limitation in the scope of studies produced
by the World Bank and reports a lack of evidence of the application of advanced quantitative
models in the evaluation process carried out by public institutions.

In this context, a brief analysis of the content of two technical notes issued by Brazilian trans-
portation regulatory agencies which were related to processes of interaction with the private
sector [see ANTT (2009) and ANTAQ (2014)] pointed out that, in terms of economic evalu-
ation methods adopted in the analysis of investment projects in transport infrastructure, there
was a clear adoption of classical investment analysis, with emphasis on techniques such as Net
Present Value (NPV) and Internal Rate of Return (IRR). Finally, in order to gather even more
current evidence, an analysis of the evaluation techniques used by the Technical, Economic and
Environmental Feasibility Studies (EVTEA) contracted by VALEC Engenharia, Construções e
Ferrovias S.A., a company controlled by the Brazilian Federal Government and linked to the
Ministry of Infrastructure, was carried out aiming at expanding the Brazilian railway network.
Considering the scope of services of OS-20 of contract 019/10 (VALEC, 2018), it was evidenced
that the EVTEA continue applying the same classical evaluation techniques already mentioned,
which reinforces that the conclusions of the World Bank study (2009) are valid today.

In summary, although the scientific community has improved the techniques of investment anal-
ysis, where a more comprehensive view of risk and managerial flexibility could be included in
the evaluation by the theory of real options, there is evidence that the Brazilian government, in
the most diverse managerial and regulatory instances, has evaluated the economic feasibility of
investment projects in transport infrastructure according to the classical viewpoint, focusing on
analyses based on techniques of admittedly limited scope, besides attributing little importance
to the analysis under conditions of risk and uncertainty. Moreover, it should be noted that these
limited procedures have been extended in the analysis of projects in partnership or delegated by
public authorities to the private sector (see ANTT, 2009 and ANTAQ, 2014).

Given these circumstances, this article seeks to answer the following questions regarding the
evaluation of public investments in transport infrastructure projects:

a) How could the approximation between social and private evaluations be achieved, in order
to reduce the inefficiency of the public investment decision-making process?

b) How the application of the real options technique can improve the process of evalua-
tion of public investments in transport infrastructure, so as to bring the areas of public
management and regulation closer to the new propositions of the scientific community?

c) What risk and uncertainty factors should be considered in the assessment as well as in the
whole decision-making process?
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d) The inclusion of the notion of managerial flexibility, especially in terms of start-up, post-
ponement, scheduling or abandonment of investments could indeed be implemented and
could reduce the inefficiency of the aforementioned managerial process?

Faced with these issues, this paper has the general objective of presenting a methodology for
the evaluation of investments in infrastructure for the Brazilian case based on the theory of real
options focusing on railway transportation. In this paper, the real options theory is applied using
operational research elements, such as dynamic programming and Monte Carlo simulation, as a
way to improve the decision making process under analysis.

It is expected that the expected reduction of inefficiencies in the decision-making processes
at issue will provide positive effects on economic development and, consequently, on the
improvement of Brazilian social welfare.

2 LITERATURE REVIEW

2.1 The contribution of operations research to real options theory and applications

The consideration of real options in the valuation of companies and investment projects is re-
ported in the literature as from the second half of the 1970s. The study by Myers (1977) may be
considered one of the forerunners on the subject, having grounded the real options theory (ROT)
itself. In his analysis, Myers pointed out that at each point in time the value of a company results
from a set of tangible and intangible assets, whereby tangible assets are accumulated units of
production capacity, that is, they are real assets, whilst intangible assets are the options to pur-
chase additional units in future periods, characterizing real options as elements of managerial
flexibility in uncertain situations

The contributions of operations research to the theory and application of real options have been
addressed in the literature since 1979, according to a search conducted in the Scopus database
in March 2022 using the words “real options”, considering the period from 1979 to 2022. As a
result, 360 published research articles on real options were found in the field of decision sciences,
a field that encompasses operations research.

In addition a search of the Web of Science database in the same month of March 2022 with the
words “real options” resulted in 948 articles published in operations research and management
science between 1991 and 2022, which confirms that operations research has been working on
the subject for more than three decades.

The article published by Trigeorgis and Tsekrekos (2018) is enlightening as to the contributions
of operational research to the theory and practice of real options. In their study, 164 articles pub-
lished in the five most renowned journals of the field in the world were reviewed, considering:
Annals of Operations Research (ANOR), European Journal of Operational Research (EJOR), In-
ternational Journal of Production Economics (IJPE), Management Science (MS) and Operations
Research (OR). The analysis covered the period from 2004 to 2015 and pointed to applications in
the fields of: Uncertainty and Investment (19%), R&D, Innovation & Technology (18%), Produc-
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tion and Manufacturing (23%), Supply Chain and Logistics (18%), Energy, Natural Resources
and Environment (13%) and Valuation Models and Other Topics (9%).

In this paper, a more recent analysis was conducted, encompassing articles published between
2020 and 2022 in the five journals cited by Trigeorgis and Tsekrekos (2018), as a way to attest
that the field of operations research continues to contribute to the development of real options
theory, which can be seen in the references in Table 1.

Table 1 – Recent contributions of operations research to theory and application of real options.

Article
No.

Citation Authors
(Year)

Journal
Acronym

General Theme Topic Method Empirical
or Applied

37 Mac Cawley et al.
(2020)

ANOR Energy, Natural
Resources &
Environment

Numerical methods:
Lattice approach

X

38 Maier (2021) ANOR Energy, Natural
Resources &
Environment

Numerical methods:
Solutions by
differential equations

22 Deeney et al.
(2021)

EJOR Energy, Natural
Resources &
Environment

Numerical methods:
Monte Carlo
simulation

X

45 Schröder (2020) IJPE Uncertainty &
Investment

Analytical and
numerical methods

1 Alexander & Chen
(2021)

ANOR Uncertainty &
Investment

Analytical methods:
Closed solutions

2 Alibeiki &
Lotfaliei (2021)

EJOR Uncertainty &
Investment

Numerical methods:
Lattice approach

X

50 Thijssen (2022) EJOR Uncertainty &
Investment

Numerical methods:
Solutions by
differential equations

X

16 Cong (2020) MS Valuation Models &
Other

Numerical methods:
Solutions by
differential equations

32 Jin et al. (2021) EJOR Valuation Models &
Other

Numerical methods X

47 Silaghi & Sarkar
(2021)

EJOR Valuation Models &
Other

Numerical methods

40 Noorizadeh et al.
(2021)

IJPE Valuation Models &
Other

Only empirical analysis X

Source: Elaborated on the basis of the references in column 2.

Table 1 presents the most recent articles published on real options in the five journals high-
lighted above, considering the fields of application and modelling processes adopted. In this
cross-section of references, the predominant fields of application were Uncertainty & Invest-
ment and Valuation Models & Other, where the application of numerical and analytical methods
prevailed, and more than half of the studies involved empirical applications or analyses.

2.2 Evaluation of transport infrastructure projects with real options

Although the contribution of operations research to the theory and applications of real options
has been attested in the previous topic, the subject of this paper has been little covered in this
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field. With the exception of the studies by Silaghi & Sarkar (2021), Jin (et al., 2021) and Thijssen
(2022), the recent literature review found no references on the application of real options in
transportation infrastructure projects in the field of operations research.

When expanding the literature review to other fields of study it was found that one of the first
articles which have applied real options to the case of analysis of investments in transport infras-
tructure was produced by Kitabatake (2002) and focused on the road modal. The paper analyzed
project evaluation models in the ex-ante-facto condition considering the existing legal frame-
work in Japan and a new framework that considered the option of abandoning the project totally
or partially.

Other studies have been developed involving the application of the real options theory to trans-
port infrastructure projects, covering especially the journals of the engineering and infrastructure
fields, as follows: Journal of Construction Engineering and Management (JCEM), Journal of
Management in Engineering (JME), Construction Management and Economics (CME), Journal
of Infrastructure Systems (JIS), Transport Research Arena (TRA), Transportation Research (TR),
Centre for Transport Studies Working Paper (CTSWP), Production (P), International Conference
on Applied Economics (ICAE), Economic Annals (EA), Frontiers of Computer Science in China
Journal (FCSCJ) and Environmental Economics and Policy Studies (EEPS). Table 2 presents the
main information on the articles analysed.

As can be seen in Table 2 about 52% of the 23 articles analyzed focused on Uncertainty &
Investment, while the remaining articles were focused on Valuation Models & Other. In terms of
modelling, almost all articles operated with numerical methods, with emphasis on Monte Carlo
Simulation, which was reported in ten articles, and the Lattice Approach (binomial model), which
was addressed in four papers. There were only two mentions of the application of real options in
the analysis of railway infrastructure projects, with almost all applications referring to the case
of highway projects.

All the studies analysed focused on public-private partnerships (PPPs) projects, with an emphasis
on Build-Operate-Transfer (BOT) operations, which are partnerships involving risks that must
be properly managed and mitigated. Private partners are especially sensitive to revenue risk, and
their attention is focused on the financial viability of the project. Hence, private partners expect
the public sector to provide some sort of risk-sharing mechanism in the form of minimum revenue
guarantees or abandonment options.
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Table 2 – Real options theory applied to transport infrastructure projects.

Article
No.

Citation Authors
(Year)

Journal
Acronym

General Theme Topic Method Transport
Category

15 Chiara & Garvin
(2008)

CME Uncertainty & Investment Numerical methods:
Monte Carlo simulation

Highway -
PPP

20 Cucchiella et al.
(2008)

ICAE Uncertainty & Investment Multi-stage stochastic
model

Highway -
PPP

34 Krüger (2012) CTSWP Uncertainty & Investment Numerical Methods Railway -
PPP

25 Doan & Menyah
(2013)

JCEM Uncertainty & Investment Numerical methods:
Lattice approach

Highway -
PPP

41 Park et al. (2013) JCEM Uncertainty & Investment Numerical methods:
Monte Carlo simulation

Highway -
PPP

28 Gao & Driouchi
(2013)

TS Uncertainty & Investment Numerical methods Highway -
PPP

43 Rakic & Radenovic
(2014)

EA Uncertainty & Investment Numerical methods:
Lattice approach

Highway -
PPP

36 Lv et al. (2015) JME Uncertainty & Investment Numerical methods Highway -
PPP

10 Blank et al. (2016) P Uncertainty & Investment Numerical methods:
Monte Carlo simulation

Highway -
PPP

27 Galera et al. (2018) JIS Uncertainty & Investment Numerical methods:
Monte Carlo simulation

Highway -
PPP

50 Torres-Rincon et al.
(2020)

JIS Uncertainty & Investment Numerical methods:
Monte Carlo simulation

Highway -
PPP

47 Silaghi & Sarkar
(2020)

EJOR Uncertainty & Investment Numerical methods High-
way/Railway

- PPP
49 Thijssen (2022) EJOR Uncertainty & Investment Numerical methods:

Solutions by differential
equations

Railway -
PPP

33 Kitabatake (2002) EEPS Valuation Models & Other Numerical methods Highway -
PPP

13 Cheah & Liu (2006) CME Valuation Models & Other Numerical methods:
Monte Carlo simulation

Highway -
PPP

14 Chiara et al. (2007) JIS Valuation Models & Other Numerical methods:
Monte Carlo simulation

Highway -
PPP

21 Cui et al. (2008) CME Valuation Models & Other Numerical methods:
Lattice approach

Highway -
PPP

55 Zhang et al. (2010) FCSCJ Valuation Models & Other Numerical methods:
Monte Carlo simulation

Highway -
PPP

3 Almassi et al. (2013) JIS Valuation Models & Other Numerical methods:
Monte Carlo simulation

Highway -
PPP

30 Huang & Pi (2014) JCEM Valuation Models & Other Numerical methods Highway -
PPP

26 Fitch et al. (2018) JIS Valuation Models & Other Analytical methods:
Closed solutions

Highway -
PPP

54 Vasudevan et al.
(2018)

JIS Valuation Models & Other Numerical methods:
Lattice approach

Highway -
PPP

32 Jin et al. (2021) EJOR Valuation Models & Other Numerical methods:
Monte Carlo simulation

Highway -
PPP

Source: Elaborated on the basis of the references in column 2.
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3 METHODS

This section presents the real options theory and the evaluation methodology proposed in this
paper.

3.1 Real options theory

The real options theory is a derivation of financial options. Financial options give their buyer,
upon payment of a premium C (call) or P (put), the right, but not the obligation, to buy (call) or
sell (put) a given financial asset, at a given strike price (X), at a given maturity (T); if the option
is European, the exercise of the option takes place only at maturity (T), if the option is American,
the exercise of the option can be done also at t ≤ T .

The real options theory refers to the fact that the project sponsor has the ability to choose the di-
rections for its investment, whether it is start-up, scaling, postponing operation, or abandonment,
throughout the life of the project.

According to Lawrence and Thomas (2008), the elements of a financial option can be adapted to
real options theory, according to Table 3.

Table 3 – Elements of financial options and real options.

Variable (FO) Financial Option (FO) Real Option (RO) Variable (RO)
S0 Value of the underlying asset Value of the expected future

cash flows of the project
V0

X Strike price Investment costs (CAPEX) I
T Time to maturity Time to maturity T
σ Volatility of underlying asset Volatility of project cash flows σ

r Risk-free interest rate Risk-free interest rate r

Source: Adapted from Lawrence and Tomas (2008, p. 2).

Table 3 shows the analogy between real options and financial options. As an example, an invest-
ment project can be treated as a call option on the value of the expected cash flows from the
investment. Given this analogy, real options are valued using the pricing methods for financial
options (see Figure 1), with the necessary adaptations.

Figure 1 presents a general classification of methods for options valuation. Among the wide range
of models that fall under this classification, two of them stand out and bring together the largest
number of applications: the Black and Scholes model (1973) and the binomial model of Cox,
Ross and Rubinstein (1979). While the Black and Scholes model falls into the category of ana-
lytical methods of closed solutions, the binomial model is a numerical method of approximation
of stochastic processes by the lattice approach.
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Methods for 
options valuation

Analytical 
methods

Numerical 
methods

Closed 
solutions

Approximate 
solutions

Solutions by 
differential 
equations

Solutions by 
stochastic 
processes

Implicit/ 
explicit infinite 

differences

Monte Carlo 
simulation

Lattice 
approach

Figure 1 – Methods for options valuation.

Source: Adapted from Hommel and Lehmann (2001, p. 124).

3.2 Black & Scholes model

The calculation of the premium of a call option (C0) proposed by Black and Scholes (1973)
considers that the price of the underlying asset (St) follows a geometric Brownian motion (GBM)
as a stochastic motion pattern. Consider that the continuous rate of return of the underlying asset
over a small interval ∆t is defined by r̃∆t . Thus, the estimated price for the interval between t e
t+∆t is:

St+∆t = Ster̃∆t ∆t (1)

Assuming that r̃∆t over a short period ∆t is normally distributed with mean µ∆t and variance
σ2∆t and considering that the term σ2∆t can be dimensionally standardized to σ

√
∆t, one can

estimate the price of underlying asset as

St+∆t = Steµ∆t+σZ
√

∆t (2)

where Z is the random component with standardised normal distribution.

Based on this stochastic process, Black e Scholes (1973) presented a closed form to calculate de
price of a European call option, under the risk-neutral point of view:

C0 = S0N (d1)−Xe−rTN (d2)

d1 =
ln
(

S0
X

)
+
(

r+ σ2

2

)
T

σ
√

T
(3)
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d2 =
ln
(

S0
X

)
+
(

r− σ2

2

)
T

σ
√

T
= d1−σ

√
T

where S0 is the current price of the underlying asset at t0, N(d) is the probability that the random
walk of the standardized normal distribution is less than d, X is the strike price of the option, r
is the continuous annual risk-free rate of return, T is the time to maturity of the option (in years)
and σ is the volatility of the underlying asset’s returns.

Using an analogy for real options, the option value C0 in the equation (3) is the net present value
(NPV) of the project with embedded real option.

3.3 Binomial model

The binomial model assumes an approximation of the stochastic process represented in equation
(2) by an experimental Bernoulli discrete-time process and its evaluation is based on the risk-
neutral approach. In this experimental process the results are binary: success or failure. Adapting
this process to the price movements, we have that the success price movement corresponds to an
up in price (u, up) and the failure price movement refers to a down in price (d, down); being that
this process is modelled by the binomial probability distribution.

The pricing of an American call in the binomial model is an open process, which is adaptable to
the situation in analysis. The pricing process begins with the construction of a portfolio for the
issue of a covered call (C), consisting of a fraction of the underlying asset at current price (S)
that is financed by borrowing (B) at a risk-free rate (r). Using the binomial lattice, the arbitrage
portfolios can be represented as shown in Figure 2.

S

Su = Su

Sd = Sd

B

Bu = BerDt

Bu = BerDt

C

Cu = max(SuX,0)

Cd = max(SdX,0)

Portfolio B: is composed of a fraction of the 
underlying asset and a loan at the rate r

Portfolio A: is composed of the 
issuance of a call option

p

1p

p p

1p 1p

t t+Dt t t+Dt t t+Dt

Figure 2 – Arbitrage portfolios for the issuance of a covered call option.

Source: Elaborated by the author.

Figure 2 shows that asset prices for portfolios A and B are subject to up (u) and down (d) move-
ments. In the case of asset B (bond), prices in the up and down movements are updated con-
tinuously at the same rate, since it is a risk-free asset. For asset C (call), on the other hand, the
payoffs are conditioned by the up and down movements. The connection of prices in the up and
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down movements to the original price is made by the probabilities of up (p) and down (1−p)
movements and S is calculated recursively:

S = [pSu+(1− p)Sd]e−r∆t (4)

where e−r∆t corresponds to the continuous discount factor. The solution of equation (4) for p is:

p =
er∆t −d
u−d

(5)

According to Hull (2018), the factors of the up (u) and down (d) movements should incorporate
the volatility (σ ), thus:

u = eσ
√

∆t (6)

d = e−σ
√

∆t =
1
u

(7)

Finally, the price of option C is computed recursively from the expected payoffs with the exercise
of an American option at t ≤ T:

C = [(p)max(Su−X ,0)+(1− p)max(Sd−X ,0)]e−r∆t (8)

Expanding the analysis to real options and adapting the terminologies of the variables, the recur-
sive process is operated by dynamic programming, according to the equation (see Smith, 2005;
Brandão et al., 2005):

Vt, j = CFt, j +
[
pVt+1, j +(1− p)Vt+1, j+1

]
e−r∆t (9)

where Vt, j is the present value at the t-th period of the j-th price movement, which is computed
by the cash flow received in the same period ( CFt, j), which is added to the discounted expected
value of the next period. Note that this equation does not yet incorporate the real option of the
project.

The incorporation of a real option in the recursive equation can be done by considering a hypo-
thetical situation where, in a given period, there is the option to abandon the project receiving the
residual value R. In this way, the new equation becomes:

Vt, j = max
{

CFt, j +
[
pVt+1, j +(1− p)Vt+1, j+1

]
e−r∆t ,CFt, j +R

}
(10)

where the present value Vt, j will be the maximum value between the project value based on
(9) and the cash flow at the t-th period of the j-th price movement plus the residual value of the
abandonment option R.
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4 THE APPLICATION OF REAL OPTIONS TO A CASE STUDY

4.1 Background to study area

Transport infrastructure covers investments in road, water, railway, air and pipeline modes.
Whilst the first four modals deal with cargo and passengers, the last modal only focuses on
cargo transportation. In this article, the railway modal was selected for the application of the
real options, since the literature review (item 2.2) pointed to a lack of empirical-based studies
addressing this type of modal.

In the case of Brazil, the railway network is segregated between the public and private sec-
tors. The public sector railway network is planned and managed by the DNIT (National Depart-
ment of Transport Infrastructure), an agency linked to the Ministry of Infrastructure (MI) (DNIT,
2021), while the construction and operation of railway infrastructure is under the responsibility
of VALEC Engenharia, Construções e Ferrovias S.A., a privately held company controlled by the
Union and also linked to the MI. The case study adopted for the application of real options was
hired by VALEC S.A., while technical, economic and environmental feasibility study (EVTEA),
and was developed by ENEFER - Consultoria, Projetos Ltda., according to the scope of services
of OS-20 of contract 019/10 (VALEC, 2018).

The EVTEA of the EF-354 railroad implementation in the stretch from Mara Rosa/GO to Lucas
do Rio Verde/MT is 883 km long and was composed of several studies: engineering studies,
environmental insertion studies, market studies, operational studies, socio-economic studies and
financial evaluation.

This case study is based on the financial evaluation, which was based on the estimated future
cash flows for three prospective scenarios: i) without ferrogrão, which is the base case (the term
ferrogrão refers to the transport of cereals in freight trains), ii) with ferrogrão, allocation with
flow sharing, and iii) with ferrogrão, allocation all or nothing. Since the two scenarios with
ferrogrão are hypothetical, the focus of the analysis in this article concentrates on the baseline
scenario (without ferrogrão)

The financial evaluation was performed from the point of view of the future concessionaire win-
ner of the public bid to implement and operate the established railway stretch and the estimated
future cash flows are non-leveraged, corresponding to the operational evaluation of the project.

The methodology of financial evaluation was based on traditional analysis, including NPV, IRR,
discounted payback period and benefit-cost index (BCI), as established by the company that hired
the service (VALEC S.A.). VALEC also defined other parameters of the evaluation, such as the
opportunity cost of capital (minimum attractive rate −MAR) of 9.57% p.a. (per annum).

The temporal planning horizon considered: i) the year 2018 as t0, ii) the railway construction
between 2019 (t1) and 2024 (t6), iii) the entry into operation of the Mara Rosa - Água Boa
subsection in 2023 (t5), iv) the coming into operation of the Água Boa - Lucas do Rio Verde
subsection in 2025 (t7) and v) the operation term of 30 years as of the operation of the first
subsection [from 2023 (t5) to 2052 (t34)].
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The estimated operational revenue in the scenario without ferrogrão was obtained with the trans-
portation of soy (40.90%), corn (39.59%), diesel oil (3.40%), fertilizer (3.34%), alcohol (2.24%),
cotton (1.81%), cement (1.36%) and other products (7.36%). The estimated costs considered
maintenance of the permanent railway and systems, maintenance costs for railroad rolling stock,
operating costs, operating expenses, depreciation of the investment and amortization of compen-
sation for environmental liabilities. The cash flows of the scenario without ferrogrão, as well as
the results of the traditional evaluation performed are shown in Table 4.

According to the defined parameters, the analysis based on deterministic cash flows discounted
at a risk-adjusted rate (MAR) of 9.57% p.a. pointed to the economic feasibility of the project,
with a NPV of R$ 3.571 billion, an IRR of 14.35% p.a., capital recovery in 18 years and BCI of
1.19. The study also developed a sensitivity analysis of cash flows to changes in revenues, costs
and investments, considering the ceteris paribus condition, as a risk analysis tool. This analysis
identified areas of variation in which the concessionaire could assume the operation as a function
of feasibility and areas of unfeasibility, for which the formation of public-private partnerships
may be valid.

It is important to highlight that these indicators based on the classic NPV analysis, even if they
pointed to the economic feasibility of the project, are considering that, once the investment is
made, the concessionaire will have to keep it running until the end of its useful life. However, in
the real world, the concessionaire has the possibility of taking managerial decisions that affect
the conduct of the project throughout its useful life, including even its abandonment at the cost
of contractual penalties. As these possibilities of managerial flexibilities are available in reality,
they need to be incorporated into the analysis. This is the purpose of real options analysis.
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Table 4 – Projected future cash flows for the scenario without ferrogrão and evaluation indicators (monetary values in R$ 1,000.00).

Projected future 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 ... 2052
cash flows Year 1 Year 2 Year 3 Year 4 Year 5 Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 ... Year 34
Operating cash flows -59.949 29.787 119.347 129.990 206.296 119.536 1.061.256 1.325.742 1.486.738 1.730.607 1.963.563 ... 2.135.532
Infrastructure investments -76.063 -705.079 -1.741.570 -2.104.177 -1.143.572 -682.658 -28.341 -103.476 -194.242 0 0 ... -22.698
Operating investments 0 0 0 -138.983 -220.657 -74.049 -2.125.735 -402.930 -415.210 -349.108 -349.108 ... -17.777
Net cash flows -136.012 -675.292 -1.622.223 -2.113.170 -1.157.933 -637.172 -1.092.820 819.336 877.286 1.381.499 1.614.455 ... 2.095.058

↓
Start of full operation

Present values Evaluation indicators
Operating cash flows 10.778.092 MAR 9,57%
Infrastructure investments -4.753.823 NPV 3.571.164
Operating investments -2.453.104 IRR 14,35%
Total investments -7.206.928 Discounted payback 18 years
Net cash flows 3.571.164 BCI 1,19

Source: Adapted from VALEC (2018).
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4.2 Numerical procedures and results

By considering real investment opportunities as collections of options over real assets, the follow-
ing methodological flow can be established for the proposition of the evaluation model presented
in this paper, which is based on the steps suggested by Amram and Kulatilaka (1999), as shown
in Figure 3 and which are described in the following:

Stages for the application of Real Options to the evaluation 
of investment projects

Stage I
Develop na application framework that describes the 

possible decisions, quantifying the relative uncertainty 
and specifying the decision rule

Stage II
Implement the option valuation model with the inputs 

from Step I, such as the current value and volatility of the 
underlying asset

Stage IV
Reprogram the initial structure, if necessary

Stage III
Review the results obtained to clarify the impacts of 
managerial flexibility on decision-makers in order to 

adapt and review subsequent decisions

Figure 3 – Stages for the application of real options to the evaluation of investment projects.

Source: Adapted from Amram e Kulatilaka (1999).

Stage I: Develop an application framework that describes the possible decisions,
quantifying the relative uncertainty and specifying the decision rule.

At this stage, the case study data was used, focusing on the projected net cash flows from the
year 2025, as this will be the time when revenues will be full, until the year 2052. With this, a
methodology for estimating the uncertainty of net cash flows was developed, according to the
following steps:

a) Estimation of the relationship between cash inflows and outflows. This analysis indicated
that outflows represent, on average, 47.46% of project inputs, with a standard deviation of
16.86%, with maximum value of 128.23% and minimum value of 38.13%.

b) Definition of the functional relationship of the net operating revenue (NOR) of the largest
railroad services concessionaire (Rumo S.A.), listed as a benchmark, and influence vari-
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ables, with the purpose of estimating the future behaviour of the project revenues. As
influence variables were defined the price of American crude oil (WTI-USD) and the in-
dex of the São Paulo Stock Exchange (BVSP), both for their connection with macroeco-
nomic aggregates. The analysis, based on the multiple regression between the revenues of
Rumo S.A. (RAIL3), the oil price (WTI-USD) and the BVSP index pointed to the equation
NORRAIL3 = 831,672.15− 5,882.23WTIUSD+ 10.72BVSP, whose parameters estimated
based on quarterly data in the period between Dec/2010 and Dec/2017 showed statistical
significance at 1% and 5%, respectively.

c) Definition of WTI-USD and BVSP stochastic processes according to the Brownian mo-
tion established in equation (2), from their µ and σ and continuous returns ri,t =

ln(Si,t+∆t/Si,t). This definition, which is based on the hypothesis of market efficiency in
the weak form (random walk), was based on the period between Dec/2010 and Dec/2017,
on a daily basis with subsequent transformation into annual frequency (p.a.), resulting in
the metrics: µwti-usd=−5,12% p.a., σwti-usd=32,19% p.a., µbvsp=1,39% p.a., σbvsp=23,09%
p.a..

d) Calculation of revenues of project as a function of stochastic Brownian motions in WTI-
USD and BVSP prices, costs and operating cash flow.

e) Monte Carlo simulation with 10,000 processes, resulting in 10,000 net cash flows, from
which 9,999 continuous returns were extracted. The simulation was run 120 times to
evaluate the integrity of the calculated volatility (σ ), which stabilized at 24.41% p.a...

Stage II: Implement the option valuation model with the inputs from Step I, such as the
current value and volatility of the underlying asset.

This stage can be broken down into the following steps, according to Copeland and Antikarov
(2003):

a) Calculate the NPV of the project without the flexibility real option. The application begins
with calculations of the binomial model parameters and the results of which are shown in
Table 5.

The calculation of the NPV ( NPV = ∑
T
t=0 CFte−tr, where CFt is the t-th project cash

flow, e is the continuous discount factor, t-th is the discount period) without managerial
flexibility at the risk-free interest rate (r) returns a value of R$7.359 billion, indicating the
economic feasibility of the project in a risk-neutral context.

In applying the binomial model, the net cash flows from period 7 (as a function of the
start of full operation) to period 34 are considered, and the NPV calculation results in R$
12.238 billion (see the second row of table 5), which is the starting point of the binomial
lattice (see table 6).

As the value of the project will be based on its cash flows, we adopted the calculation of
the payout rate (δ ) proposed by Brandão (et al., 2005), δt, j = CFt, j/Vt, j, where V t,j is the
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Table 5 – Parameters for the real options analysis (monetary values in R$ 1,000.00).

Real Options - parameters Source

Initial value (in t0) 12.238.515 VP(ΣCFt,je-rT), t=7,...,34

Volatility of net cash flows σ 24,41% p.a. Simulation

Risk-free interest rate r 6,90% p.a. Selic-dec17

Factor of up movement u 1,2765 p.a. Equation (6)

Factor of down movement d 0,7834 p.a. Equation (7)

Time-variation ∆t 1,0000

Probability of up movement p 0,5842 Equation (5)

Source: Elaborated by the author.

value of the project in the t-th period, considering the present value of future cash flows,
and CFt,j is the cash flow in the t-th period. This rate is intended to calculate the cash flows
that are paid out at the end of each period as a function of the project value.

b) Build an event tree to model the uncertainties. It was chosen to follow the recommen-
dations of Smith (2005) and Hull (2018), which indicate that the binary lattice is of
more accessible use, being of easy implementation in spreadsheets. This is a favourable
point, since all calculations performed in this paper were implemented in Windows/Excel,
demonstrating the non-necessity of using specific software.

Table 6 contains the calculated payout rates ( δt, j) and a cut-off of the binomial lattice
constructed for periods 7 to 20, containing the values without real options. The calculation
procedures were based on the work of Brandão (et al., 2005). The illustrative cut-off is
necessary since the lattice corresponds to a 29×29 matrix.

The binary lattice presented in Table 6 is a preliminary representation showing the defini-
tion of project value in a scenario where volatility is embedded in price movements that
unfold as exposure to the future increases over the planning time horizon. The calculations
begin with the present value of the net cash flows in the interval from year 7 to year 34 and
are expanded to the right based on the relationships V u

t, j =
(
Vt−1, j−Vt−1, jδt−1, j

)
u and

V d
t, j =

(
Vt−1, j−Vt−1, jδt−1, j

)
d, which results in the binary lattice of project values in the

various up and down price movements ( Vi).

Taking into account the principles of the binomial model, the binary lattice of cash flows
is calculated, considering that CFt−1, j =Vt−1, jδt−1, j, as can be seen in Table 7.
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18
B

IN
O

M
IA

L
R

E
A

L
O

P
TIO

N
S

M
O

D
E

L
W

ITH
D

Y
N

A
M

IC
P

R
O

G
R

A
M

M
IN

G

Table 6 – Cut-off of payout rates (δt, j) and of the binomial lattice of project values (Vt, j) from years 7 to 20
without real options (in R$ 1,000.00) – the value in year 6 is discounted at t0.

Payout rates of operating cash flows (δ t,j)
Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 . . .

0,00000 -0,09246 0,06179 0,06829 0,10914 0,13304 0,14674 0,15807 0,15617 0,20972 0,22851 0,24915 0,26950 0,29091 0,31422 . . .

Values without Real Options (V t,j)
Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 . . .

12.238.515 15.622.121 21.784.883 26.089.584 31.028.438 35.284.233 39.047.358 42.528.740 45.705.787 49.230.587 49.662.579 48.907.137 46.874.652 43.708.956 39.562.347 . . .

9.587.766 13.370.039 16.011.963 19.043.087 21.654.996 23.964.539 26.101.168 28.051.018 30.214.294 30.479.420 30.015.783 28.768.386 26.825.503 24.280.604 . . .

8.205.596 9.827.024 11.687.316 13.290.323 14.707.759 16.019.073 17.215.754 18.543.422 18.706.138 18.421.590 17.656.025 16.463.619 14.901.738 . . .

6.031.141 7.172.858 8.156.672 9.026.595 9.831.388 10.565.827 11.380.657 11.480.520 11.305.884 10.836.034 10.104.219 9.145.645 . . .

4.402.199 5.005.995 5.539.893 6.033.819 6.484.566 6.984.652 7.045.941 6.938.762 6.650.400 6.201.263 5.612.958 . . .

3.072.330 3.399.999 3.703.136 3.979.774 4.286.691 4.324.306 4.258.527 4.081.551 3.805.902 3.444.841 . . .

2.086.682 2.272.726 2.442.507 2.630.871 2.653.957 2.613.586 2.504.971 2.335.797 2.114.203 . . .

1.394.841 1.499.040 1.614.645 1.628.813 1.604.037 1.537.376 1.433.549 1.297.550 . . .

920.006 990.956 999.652 984.446 943.534 879.812 796.345 . . .

608.180 613.516 604.184 579.075 539.967 488.741 . . .

376.533 370.806 355.396 331.394 299.955 . . .

227.575 218.117 203.387 184.092 . . .

133.865 124.824 112.983 . . .

76.609 69.341 . . .

42.557 . . .

Source: Elaborated by the author.
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Table 7 – Cut-off of the binomial lattice of the project cash flows (Ft, j) from years 7 to 20 (in R$ 1,000.00).

Project cash flows (CFt,j)
Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 . . .

0 -1.444.359 1.346.061 1.781.618 3.386.442 4.694.170 5.729.948 6.722.402 7.138.087 10.324.461 11.348.274 12.185.099 12.632.650 12.715.446 12.431.194 . . .

-886.447 826.118 1.093.432 2.078.361 2.880.954 3.516.641 4.125.741 4.380.859 6.336.433 6.964.777 7.478.362 7.753.038 7.803.852 7.629.398 . . .

507.014 671.072 1.275.553 1.768.128 2.158.269 2.532.091 2.688.665 3.888.860 4.274.494 4.589.696 4.758.273 4.789.459 4.682.391 . . .

411.857 782.845 1.085.153 1.324.595 1.554.021 1.650.115 2.386.710 2.623.385 2.816.835 2.920.295 2.939.435 2.873.725 . . .

480.456 665.991 812.944 953.749 1.012.725 1.464.796 1.610.051 1.728.776 1.792.273 1.804.020 1.763.691 . . .

408.739 498.928 585.345 621.540 898.989 988.137 1.061.002 1.099.972 1.107.181 1.082.430 . . .

306.207 359.244 381.458 551.737 606.449 651.169 675.086 679.511 664.320 . . .

220.479 234.112 338.618 372.196 399.642 414.321 417.036 407.713 . . .

143.682 207.820 228.428 245.272 254.281 255.948 250.226 . . .

127.545 140.193 150.531 156.060 157.083 153.571 . . .

86.041 92.385 95.779 96.406 94.251 . . .

56.700 58.782 59.168 57.845 . . .

36.076 36.313 35.501 . . .

22.286 21.788 . . .

13.372 . . .

Source: Elaborated by the author.
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c) Build a decision tree to identify and integrate possible management flexibilities. In order
to illustrate the inclusion of real management options in the analysis, under the conditions
of an American option, consider hypothetically that the concessionaire may abandon the
project in years 10, 15, 20, or 25, transferring it to the Federal Government or a private en-
tity, receiving a cash flow R corresponding to the residual value net of contractual penalties,
in amounts related to the investments operated between years 1 and 6, monetarily restated
until the abandonment date, as shown in table 8, where the rates employed (row 3) are
mere assumptions. The present value in t0 of the infrastructure and operating investments
made between years 1 and 6 is R$ 5.269 billion.

Table 8 – Hypothetical values and conditions of cash flows (R) of the abandonment periods
(in R$ 1,000.00).

Abandonment year (t) 10 15 20 25

Updated value (It=I0*ert) 10.506.110 14.834.521 20.946.194 29.575.815

Residual value rate 70% 45% 20% 10%

Net residual value (R) 7.354.277 6.675.534 4.189.239 2.957.581

Source: Elaborated by the author.

d) Calculate the new project value with and without the management flexibility options,
which are the total project value and the real option value. Based on the hypothetical aban-
donment values and conditions in years 10, 15, 20, or 25, we use the recursive equation
(10) in each of the forecasted years, generating four binomial lattices calculated by dy-
namic programming. To illustrate the process, Table 9 shows the binomial lattice with the
abandonment option for year 10.

The values of the real options under each of the abandonment scenarios (equation (10))
are shown in Table 10. The table also shows the impacts of the real options on the project
NPV under each of the abandonment scenarios. In all the projected scenarios, the project
economic feasibility was improved when the abandonment option was considered (see row
5), indicating that managerial flexibility brings economic benefits to the project.
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Table 9 – Cut-off of binomial lattice of project values (Vt, j) from years 7 to 20 with the real option of abandonment at time t10 (in R$1,000.00) – the value in
year 6 is discounted at t0.

Values with Real Options (V t,j) Abandonment year (t10)
Year 6 Year 7 Year 8 Year 9 Year 10 Year 11 Year 12 Year 13 Year 14 Year 15 Year 16 Year 17 Year 18 Year 19 Year 20 . . .

12.439.344 15.678.495 21.784.883 26.089.584 31.028.438 35.284.233 39.047.358 42.528.740 45.705.787 49.230.587 49.662.579 48.907.137 46.874.652 43.708.956 39.562.347 . . .

10.026.020 13.515.290 16.011.963 19.043.087 21.654.996 23.964.539 26.101.168 28.051.018 30.214.294 30.479.420 30.015.783 28.768.386 26.825.503 24.280.604 . . .

9.130.737 10.201.270 11.687.316 13.290.323 14.707.759 16.019.073 17.215.754 18.543.422 18.706.138 18.421.590 17.656.025 16.463.619 14.901.738 . . .

7.889.088 8.137.122 8.156.672 9.026.595 9.831.388 10.565.827 11.380.657 11.480.520 11.305.884 10.836.034 10.104.219 9.145.645 . . .

7.834.732 5.005.995 5.539.893 6.033.819 6.484.566 6.984.652 7.045.941 6.938.762 6.650.400 6.201.263 5.612.958 . . .

3.072.330 3.399.999 3.703.136 3.979.774 4.286.691 4.324.306 4.258.527 4.081.551 3.805.902 3.444.841 . . .

2.086.682 2.272.726 2.442.507 2.630.871 2.653.957 2.613.586 2.504.971 2.335.797 2.114.203 . . .

1.394.841 1.499.040 1.614.645 1.628.813 1.604.037 1.537.376 1.433.549 1.297.550 . . .

920.006 990.956 999.652 984.446 943.534 879.812 796.345 . . .

608.180 613.516 604.184 579.075 539.967 488.741 . . .

376.533 370.806 355.396 331.394 299.955 . . .

227.575 218.117 203.387 184.092 . . .

133.865 124.824 112.983 . . .

76.609 69.341 . . .

42.557 . . .

Source: Elaborated by the author.
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Table 10 – Values of the option to abandon and impacts on the project NPV (in R$ 1,000.00).

Abandonment year (t) 10 15 20 25
Project value with abandonment option at
time t, present value at t0

12.439.344 13.026.701 13.086.393 12.968.202

Project value without abandonment option
at time t, present value at t1

12.238.515 12.238.515 12.238.515 12.238.515

Real Option value of the abandonment at
time t, present value at t0

200.829 788.186 847.878 729.688

Project Net Present Value (NPV) at time t0,
cash flows from t1 to t6

-4.878.833 -4.878.833 -4.878.833 -4.878.833

Project Net Present Value (NPV) at time t0,
with the abandonment option at t

7.560.511 8.147.869 8.207.560 8.089.370

Source: Elaborated by the author.

The other stages III and IV presented on Figure 3 were not applied in this paper, as they refer to
real decision-making processes.

4.3 Conclusive analysis

The real options approach is broad enough to address more complex situations than the one
illustrated in this paper, considering multiple time periods, where cash flows may be associated
with commodity prices, for example, and uncertainties include future costs, discount rate, and
the structural and parametric behaviour of cash flows.

In general terms, real options take into account the uncertainty inherent to the decision-making
process in a more appropriate manner, as well as incorporating the capacity of managers to act
in the project operation after its implementation, in an ex-ante-facto situation, as opposed to the
classic analysis, which only considers the situation in which the project is put into operation and
will continue to operate until the end of its useful life, regardless of changes in market conditions.

5 FINAL CONSIDERATIONS

5.1 Implications of the presented methodology for infrastructure investment decisions

This paper presented an analytical framework and numerical procedures for the evaluation of
public investments in transport infrastructure based on the theory of real options, which was
implemented with contributions from elements of operations research, as a way to improve the
efficiency of this kind of decision-making process, incorporating a methodology of recognized
scientific value in risk analysis.

The analytical framework and numerical procedures presented in Section 4.2 represent the con-
tributions of this paper to operations research, with respect to its inclusion in studies on the theory
and application of real options. The numerical techniques proposed present contributions from
operations research in the area of Uncertainty & Investment, particularly in terms of the proce-
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dures used to define the parameters for the Monte Carlo simulation, which generated volatility
estimates of the project’s future cash flows.

There were also contributions to operational research in Valuation Models & Other through the
implementation of specific numerical procedures of the lattice approach (binomial model) pro-
posed by Brandão (et al., 2005), Smith (2005) and Hull (2018), which culminated with the eval-
uation of the abandonment option in different prospective scenarios, considering as focus of
application a transport modal little addressed in the literature.

The analytical framework presented is recommended for infrastructure investment decisions that
can be transferred to the private sector or to guide the formation of public-private partnerships,
when the projects are not sufficiently feasible to potential concessionaires.

The inclusion of managerial flexibility in the ex-ante-facto analysis can bring greater efficiency
to the decision-making process, since besides real options for start-up, staggering, postponement
of operation or abandonment, alternative courses of action can be considered according to, for
instance, demands from groups influenced by the project or by new environmental performance
requirements.

In the case analysed, the real options for abandonment in the projected periods may favour the
inclusion of contractual clauses and conditions for possible abandonment by the concessionaire,
as well as procedures for calculating the value of contractual penalties.

The analysis methodology presented, as a risk analysis tool, is superior to the use of other tools
of limited reach, such as sensitivity analysis. Sensitivity analysis starts from the assumption of
uncertainty, which foresees the full ignorance of the historical behaviour of the variables involved
in the decision making process. On the other hand, the risk analysis developed in this paper
showed that it is feasible to use proxies that enable the conversion of a scenario of uncertainty
into a situation that allows a greater approximation with the changes that occur in the real world,
especially in variables that influence the project.

The final results of the modelling process evidenced that the inclusion of real options in the
analysis may favour project evaluation, since they increased project feasibility in the four hypo-
thetical situations considered, which attests to possible contributions to increasing the efficiency
of this type of decision-making process.

As mentioned at the start of this paper, it is hoped that the expected reduction of inefficiencies in
the decision making processes in question will result in positive impacts on economic develop-
ment, especially in countries with acknowledged weaknesses in their analysis methodologies, as
is the case of Brazil.

Finally, it is important to highlight that no criticism is directed to the company that developed the
financial evaluation of the case study in this article, which performed the analysis according to
the methods and parameters defined by VALEC, which only represented the procedures adopted
by the Brazilian public sector.
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5.2 Recommendations

It is necessary that public agencies that operate only the analysis of projects in the classical way
improve their financial evaluation procedures by including the analysis of real options, generating
demand for the definition of new elements of analysis to be included in the notices and bids for
public service concessions. Such procedures may favour the future concessionaires themselves,
by presenting a broader view of the risks associated with the investment and the possibility of
contemplating in the analysis managerial actions to curb potential losses.

Although real options are a research topic developed by academia over 35 years ago, its models
are still not known by many senior managers, both in the public and private sectors, who have
been more likely to use the traditional NPV approach (Schulmerich, 2010), which justifies the
continuity of studies on the subject.
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