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Abstract—Transportation infrastructure projects are a corner-
stone of economic growth. However, the issue of whether new
transportation infrastructure projects deliver the expected bene-
fits has come under considerable scrutiny. The growing economic
uncertainty and the tightening of budget constraints have made
the design, evaluation, and selection of such high-cost projects
particularly critical. There are disagreements as to how project
decision-makers can evaluate the long-term costs and benefits of in-
frastructure projects. The objective of this article is to address such
disagreements. We develop and apply an innovative methodological
approach that combines real options with scenarios to help poli-
cymakers assess the costs and benefits of transportation projects.
While these techniques have been widely adopted in corporations,
there is little empirical evidence regarding their combined use
by project decision-makers dealing with complex infrastructure
projects. In this article, we fill this gap in the planning and project
studies literature. We show that scenarios and real options can be
very helpful in developing a more comprehensive understanding
of long-term impacts of major infrastructure projects and thus in
selecting the most relevant projects. Overall, our article assists the
debate on the management of the uncertainty of long-term costs
and benefits of infrastructure projects and helps cope with such
uncertainty.

Index Terms—Decision-making under uncertainty, project
planning, real options, scenario planning, transportation projects.

I. INTRODUCTION

PUBLIC infrastructure and construction projects are major
tools for enhancing economic growth [1], [2]. However, the

growing turbulence of the economy and the tightening of budget
constraints have made the design, evaluation, and selection of
such high-cost projects particularly critical [3], [4], thus under-
scoring the challenge of optimizing the use of public money by
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selecting the most beneficial projects for local communities and
regional growth [5].

Project decision-makers have acknowledged high uncertainty
and incomplete control in dealing with the long-term chal-
lenges of transportation infrastructure projects and deciding on
their implementation [6], [7]. In the broadest sense, when the
key characteristics of major infrastructure projects in terms of
their ambition, social and organizational relations, temporality,
timescale, and impact [8] are considered, uncertainty can be
defined as a state of not knowing or a lack of certainty [9].

Although discounted cash-flow (DCF) techniques such net
present value (NPV) and internal rate of return (IRR) have long
been applied by practitioners for evaluating investment alterna-
tives (e.g., [10]), these techniques have been criticized because of
being inadequate and incomplete in assuring a rational decision
process able to capture “intangible” project attributes and the
value of future flexibility (e.g., [11], [12]). In response, scholars
have clearly emphasized the difficulties inherent in the ex-ante
evaluation of transportation infrastructure benefits [13], [14]
and developed ad hoc techniques for coping with the growing
uncertainty of investment decisions. Among such techniques,
scenario planning and real options have become quite popular
[15], [16].

Scenarios (also referred to as scenario planning hereafter in
the article) are alternative views of the future in the form of
different configurations of key drivers of change. Their rationale
is not to predict the future but rather to enable decision-makers
to revise assumptions about the future and mental models [17].
Apart from scenarios, another key approach to uncertainty man-
agement is that of real options, which showed that corporate
assets can be valued using option pricing techniques. Real
options theory emphasizes the idea that many initial investments
provide firms with opportunities (but not obligations) to make
subsequent follow-up investments [18].

Even though scenarios and real options have complementary
strengths and weaknesses, the two streams of article have rarely
crossed [24], [25]. While both of these techniques have been
adopted separately (and largely) in different industries, little
evidence exists as to their integration, especially due to the
different inputs they provide [26], [27].

In real options modeling, alternative scenarios have the poten-
tial to help estimate changes in the present value of investment
decisions, particularly when there are favorable and unfavorable
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events that can impact the expected value of future free cash
flows. On the other hand, the main issue stemming from the use
of scenarios in real options modeling is the difficulty to reduce
the outcomes of the different scenarios to a single expected value
of the investment.

This article aims to improve investment decisions under un-
certainty in the planning and project studies domain by exploring
how scenarios and real options might be effectively combined to
provide a valid alternative to the traditional DCF approach—an
alternative which allows project decision-makers to decide more
effectively whether and when they should spend their limited
budget resources on new transportation projects. Specifically,
we address the following research question: How can policy
makers integrate scenarios and real options to better manage the
uncertainty of the long-term costs and benefits of transportation
infrastructure projects?

The article is structured as follows. First, we consider our ar-
ticle within the existing literature on scenarios, real options, and
the management of uncertainty of infrastructure projects. Next,
we develop an innovative methodological approach to managing
such uncertainty and apply this approach retrospectively to the
empirical case of a major transportation infrastructure project in
Rome, Italy. Finally, we critically evaluate the main advantages
and disadvantages of the proposed methodology against the
traditional DCF technique and its implications for the man-
agement of transportation projects. We show that combining
scenarios and real options can be very helpful in developing a
more comprehensive understanding of the long-term effects of
infrastructure projects and thus in selecting the most relevant
projects. Overall, our article can assist the debate over the as-
sessment of costs and benefits of complex infrastructure projects
and their role in promoting economic development.

II. TRANSPORTATION INFRASTRUCTURE PROJECTS,
SCENARIOS, REAL OPTIONS, AND UNCERTAINTY

MANAGEMENT

A. Uncertainty Management of Transportation Infrastructure
Projects: Conventional Investment Analysis Techniques

Previous articles have emphasized that improvements in trans-
portation infrastructure yield significant benefits to direct users.
According to Vickerman et al. [28], such improvements consist
of shorter travel times and better scheduling, which create new
location advantages, reduction of travel costs as a result of
shorter distances, ease of traffic flow, reduced congestion, and
higher speeds [29]. Transportation infrastructure services also
reduce fuel consumption, air pollution, and capital and labor
costs (e.g., [30]–[32]). Scholars have also explored the short-
and long-term effects of transportation infrastructure on the
economy, which manifest in increases in employment during
the development of the infrastructure and enhanced convenience
for households and increases in real estate prices if land values
rise due to a tradeoff between transport costs and accessibility
[33], [34]. Venables [35] emphasizes that all such “wider eco-
nomic benefits” should be considered in an ex-ante evaluation
of long-term returns of such projects.

However, the uncertainty of long-term effects of transporta-
tion infrastructure projects represents a key challenge for na-
tional and regional governments—a challenge that is particularly
severe because of lifecycle length and the complexity (a broad
range and diversity) of the outcomes of such projects [36], [37].
Coping with uncertainty has been observed to be a vital element
of major infrastructure planning and development processes, in
which both the lack of relevant and reliable data (known un-
knowns) and the nature and range of future socially constructed
events (unknown unknowns) pose a significant threat to major
infrastructure evaluation and approval (e.g., [38], [39]).

In this respect, growing uncertainty has driven project man-
agement research toward new opportunities and challenges [40],
[41]. Despite the debate over the long-term effects of transporta-
tion infrastructure projects, we still know relatively little about
how to manage the uncertainty of such effects. In particular, to
date, scholars have focused on the use of conventional invest-
ment techniques by highlighting the benefits—and at the same
time, the limitations—of such approaches.

Specifically, the most common techniques for assessing the
long-term returns and costs of infrastructure projects are “con-
ventional” investment appraisal techniques, i.e., payback, return
on assets or investment (ROI), and capital budgeting tools, such
as NPV and IRR, based on DCF (e.g., [42], [43]). Among
these approaches, DCF, NPV, and IRR can be considered the
dominant methods. The main reason that justifies the widespread
application of capital budgeting tools to project investments is
essentially related to the intuitive simplicity of the go/no-go
investment decision. DCF provides a single numerical outcome
and the discounted NPV of the project: if the DCF value is above
zero, the project is a go; while if it is below zero, the project is
rejected [44].

The DCF approach calculates the value of an expected stream
of cash inflows less than an expected stream of cash outflows dis-
counted at a given rate. This method assumes that an investment
decision is made either at the beginning of a project or never [45].
This feature implies two major limitations: first, DCF may take
into account a random walk (statistical dispersion) of costs and
benefits, but not their respective volatility because the degree of
variation of trading prices over time are unavailable; second, it
ignores the opportunity to profit from new information about key
changes in the external environment as long as this information
becomes available [46].

Major infrastructure investments have specific characteristics,
particularly in regard to uncertainty and capital budgeting over
long periods of time [8], [47]. The application of traditional fi-
nancial investment appraisal methods fails to include the random
probability distribution of the critical inputs to the project value
over time, and hence potentially results in incorrect valuations
of strategic long-term infrastructure investments [35]. In deter-
ministic valuation models, such as NPV and DCF, the output
of the model is fully determined by the parameter values and
the initial conditions. In contrast, stochastic models (i.e., real
options) possess some inherent randomness. The same set of
parameter values and initial conditions will lead to boundaries
of a “statistical space” where the project value is free to float
at each given time [48]. The value of uncertainty and volatility
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embedded into large infrastructure investments remains diffi-
cult to evaluate using conventional financial techniques, which
suggests that the management of such uncertain investments
may particularly benefit from different approaches based on
stochastic models [49].

B. Alternative Approaches to Project Evaluation: Scenarios
and Real Options

1) Scenarios: A promising alternative approach to project
evaluation relies on scenarios; it has been used extensively
by business strategists since the 1960s, with the most notable
example being the Shell case in the oil industry [50]. Since
then, scenarios have been further used to increase the robust-
ness of long-term investment plans by leading firms of many
different industries and by policymakers in tourism (e.g., [51]),
environmental studies (e.g., [52]), urban water infrastructure
(e.g., [53]), and urban planning (e.g., [54]). However, the ap-
plication of scenario planning in transportation research has
only recently captured the attention of scholars and practitioners
[55], [56]. Due to computer simulation tools supporting spatial
data visualization and interactive analysis, considering scenarios
has allowed decision-makers to explore the future outcomes
and benefits of selected transportation and water infrastructure
projects. To improve the robustness of Innovate U.K.’s decision-
making under uncertainty, in 2015/2016, it commissioned the
development of a set of scenarios to explore the role of future
technology for future transport. This approach was used to
explore potential impacts on different stakeholders in the society
and consider policy interventions that were consistent across a
range of scenarios [57]. Similarly, in 2020, Transport Scotland
published its revised National Transport Strategy in which its
underlying thinking and formulation have been informed by a
scenario planning tool and process [58].

Instead of predicting the future, the main rationale of scenarios
is to consider alternative views of the future in the form of
different (but internally consistent) configurations of key drivers
of change in the business (or project) environment [17]. The most
common use of scenarios for transportation and infrastructure
projects has mainly shown deductive reasoning to be required
to focus on the arising uncertainties (i.e., new events or drivers
of change) in the project environment and then to select, among
all of such arising uncertainties, the most critical ones to be
used as the basic premises of a small number of scenarios [59].
However, although the potential of this method has long been
emphasized by strategic scholars, its use in the management
of transportation infrastructure projects has been curbed by its
recognized limitations.

In this regard, the scenarios’ value added depends strictly on
their consistency, which relates to the ability to capture coher-
ently within each scenario the mutual influences of many drivers
of change. Despite the availability of different approaches to
scenario building (e.g., deductive vs. inductive approaches), con-
sistency is strongly dependent on the knowledge and skills of the
managers involved in this process. While consistent scenarios
are likely to help decision-makers change the mental models
they inherit from previous experience (and overcome the inertia

inherent in such experience), inconsistent scenarios are likely to
contribute to organizational inertia instead by leading to mental
models that are not aligned with the real future [17]. Another rel-
evant limitation of scenarios is the lack of systematic approaches
to measuring the future outcomes of each scenario. The quali-
tative focus of scenarios often leads managers to overlook the
task of quantifying the future value of drivers of change, and the
lack of quantitative data ultimately reduces the vividness—and
the value added—of scenarios [24]. Even in the case of financial
modeling and investment appraisal, where scenarios are meant
to estimate changes in the value of future cash flows, the need to
consider different and multiple scenarios at the same time leaves
decision-makers with the difficult (and therefore often simply
omitted) task of reducing such multiple scenarios to a single
“most likely” expected value of the investment [60]. Finally, it
is worth noting that considering scenarios requires participants
to be motivated and involved in a good disposition to prevent
biased decisions and dominant personalities from prevailing,
which might limit the range of alternative scenarios that are
eventually described and fully considered [24].

2) Real Options: Further to scenarios, a key approach to
uncertainty management increasingly emphasized by strategic
scholars and practitioners is that of real options. Although the
literature has quickly expanded to considering a large number of
increasingly complex models for the analysis and valuation of
real options, its underlying reasoning is based on a quantitative
approach rooted in finance research (e.g., [45]). The real option
approach extends financial option theory to nonfinancial or
“real” assets. This perception places real options at the inter-
section of strategy and finance, where the Black–Scholes model
prices the right but not the obligation to make an additional
investment, based on five key factors, namely the exercise price,
the asset value, the time left until the expiration, the risk-free rate,
and the project’s volatility. Over time, a number of different real
option valuation models have been developed; however, all of
them utilize an algorithm similar to the Black–Scholes partial
differential equation, which can only be used if the expected
variance of returns (the volatility) is known [61].

The real options technique is significantly different from the
traditional DCF approach due to allowing managerial investment
flexibility and the dominant role of volatility in determining the
future value of the investment. Real options theory emphasizes
the flexibility inherent in the opportunity (but not the obligation)
to invest further in additional assets, which thus allows decision-
makers to profit from favorable outcomes and avoid losses.

The real options approach has been applied first to a wide
range of domains, including the oil, energy, pharmaceutical, and
telecommunication industries, where the underlying project or
asset (e.g., oil, energy, or medicines) is traded in perfect markets
in which information about the asset is available freely and is
reflected in the asset price [16]. Although more examples of the
use of real option valuation have emerged in recent years in the
field of infrastructure [62], [63], there is still little evidence of this
technique’s application to transportation projects, where DCF
remains by far the dominant investment appraisal method [42],
[64]. The lack of a frictionless market for infrastructure assets
and, consequently, the difficulty of tracking daily market prices
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make the statistical determination of volatility unfeasible; conse-
quently, a calculation of the solution of the Black–Scholes partial
differential equation remains impossible or largely subjective if
we use surrogate volatility data for similar (twin) assets [23].
This quite likely represents the main barrier to the application
of real options to appraisal of investments in transportation in-
frastructure, where the volatility of key parameters is unknown.

As a result, although the real options technique has been
increasingly used in valuing infrastructure investments, most of
published cases focus on projects where the volatility of output
prices and cost inputs can be determined or derived with the use
of advanced statistical methods, such as Monte Carlo simula-
tions [65]. In projects where the distribution and dispersion of
key variables are unknown or unreliable, decision-makers have
embraced real option reasoning to define the options attributable
to the initial investment following an informal and heuristic
process that can lead to future-proof outcomes [66].

C. Advantages and Disadvantages of DCF, Scenarios, and
Real Options

Table I summarizes the main benefits and challenges of DCF,
scenarios, and real options for infrastructure projects’ evaluation
and the management of such projects’ uncertainty.

Overall, such benefits and limitations—coupled with the
growing uncertainty of transportation infrastructure projects—
call for the design and application of new management ap-
proaches integrating both strategic and financial analysis such as
scenarios and real options, using ideas that might be borrowed
and adapted from other research streams in management and
economics [74].

The use of scenarios and real options in transportation man-
agement is particularly promising, as infrastructure projects are
generally framed in terms of various sequential phases, i.e.,
planning and zoning, construction, and postconstruction [75].
This feature is consistent with the underlying principles of
real options and scenarios. It is therefore quite surprising that
the combined use of real options and scenarios has remained
underexplored thus far by scholars and practitioners in the field
of transportation research.

In the following sections of the article, we aim to bridge this
gap in the existing literature by developing a new methodolog-
ical approach that systematically combines real options with
scenario planning. The method we propose aims to foster real
option reasoning by simplifying the use of the Black–Scholes
option pricing model in a way that allows decision-makers to
calculate the financial value of alternative scenarios.

III. COMBINING REAL OPTIONS AND SCENARIOS FOR

EVALUATING TRANSPORT INFRASTRUCTURE INVESTMENTS

The methodology we develop and illustrate in this article
builds upon the previous work of Favato and Vecchiato [25],
who already attempted to embed real options into scenarios for
assessing the long-term value of a new drug in a biotech start-up.
Despite being rooted in the same deductive approach of scenario
planning and the payoff model of real options, the methodology
we propose in this article is significantly different. First, although

TABLE I
BENEFITS AND CHALLENGES OF DCF, SCENARIOS, AND REAL OPTIONS

the underlying real option reasoning is essentially the same as
that in the published biotech case, the scenarios elicited here
reflect the specific economics of transportation infrastructure by
considering the idiosyncratic benefits and stages of development
of investments of this type (as previously identified in the review
of the existing literature; see [28]). By doing so, we show that
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the payoff model of pricing real options we use in this article can
be easily transferred to a variety of construction industries and
project specifications. Second, the biotech application priced a
staging option to develop an innovative medicine, where uncer-
tainty was directly related to the outputs of clinical testing and
the consequent possibility of meeting regulatory requirements
in terms of efficacy and safety of the new medicine. In the
case illustrated by this article, we price an option to expand an
existing infrastructure project with already committed financing.
We retrospectively apply our methodological approach to the
case of the north extension of the third underground line in
Rome (Line C). This transportation infrastructure case provides
a compelling research setting, given the uncertainty in the nature
and the quantification of the benefits to direct users. By doing so,
we inherently demonstrate that the payoff model of pricing real
options, combined with scenarios, is a useful tool for managers
of infrastructure projects since it allows pricing all types of real
options, including staging, expansion, abandonment, delay, or
switching of the infrastructure to a different use. Finally, while
the biotech case describes the method of making an investment
decision by a privately held company that is free to choose the
valuation tools and the model inputs that it believes are better
proxies of the financial value of the project, in the transportation
case, we discuss here a publicly funded project, where the
investor was a public entity (the municipality of Rome), and
the variables to be included in the valuation of the incremental
investment needed to expand metro Line C were codified by
national laws [76]. In this case, our model passed a severe
test, since the degree of freedom in choosing the value drivers
was extremely limited. The value drivers were defined a priori;
hence, the application of our proposed method to the case of
the Rome underground’s Line C (Rome Line C) suggests that
this method has the flexibility to be adapted to virtually any
infrastructure investment decision.

In the remainder of this section of the article, we illustrate
first our overall methodological approach to the integration of
real options and scenarios; in Section IV, we then apply it to the
case of Rome Line C and compare the outcomes of our method
with those of the traditional DCF approach.

A. Payoff Model for Valuing Real Options of Infrastructure
Projects

Among the recent articles in the literature on real options, the
payoff model developed by Collan et al. [77] features a fuzzy
logic approach to valuation of investments under uncertainty,
which makes it particularly suitable for cases in which input in-
formation takes the form of cash-flow scenarios (fuzzy sets) and
the volatility of cash flows is unknown or unavailable but can be
described with a degree of probability ranging from 0 (extremely
unlikely) to 1 (certainty) [75]. These characteristics make the
payoff model a good fit for the appraisal of investment in new
transportation infrastructure projects. This method calculates a
real option value (ROV) for a project from the project’s payoff
distribution (an NPV distribution) that can be constructed from
the project’s cash-flow scenarios. The created NPV distribution
is treated as a fuzzy number. According to [77], the method

Fig. 1. Triangular distribution of the payoff model.

utilizes fuzzy sets to determine the possibilistic—as opposed to
probabilistic—expected value of a given investment project. The
fuzzy distribution shown in Fig. 1 simplifies reality and assigns
the highest degree of possibility (1, meaning “fully possible”) to
the “base” case (or the middle case) and the lowest (approaching
0) degree of possibility to the minimum and maximum values
of the distribution. The result is a triangular fuzzy distribution
of ROIs (hence, the payoff distribution).

The payoff distribution was originally created using three
discounted cash-flow scenarios [77] as follows:

1) A “worst”-case scenario based on the lowest credible
estimates of costs and benefits.

2) A “best”-case scenario based on the highest credible esti-
mates of costs and benefits.

3) A “base” scenario based on an intermediate outcome
in which costs and benefits are neither maximized nor
minimized.

The outcomes outside the worst-case and best-case scenarios
will not be considered by the payoff model, and therefore the
included values define the payoff distribution of the project’s
DCFs, which is treated as a fuzzy set.

The choice of three scenarios (base, best, and worst) is par-
ticularly relevant to the appraisal of infrastructure investments
since previously published cases referred to a high, medium, or
low attractiveness of safeguarding such investments according
to uncertainty and modularity of the empirical observables in
transportation projects [78]. The adoption of the payoff method
allows us to match real option reasoning with the development of
distinct scenarios. The latter lead to the estimation of DCF values
that are subsequently consolidated into a single univocal value
of the investment under uncertainty. This value is calculated as
the payoff value of fuzzy sets represented by the three scenarios
(base, high, and low), and the calculation of uncertainty does
not require any measure of dispersion, such as volatility. The
use of three reference scenarios, the ability to consolidate three
DCFs into a single value under uncertainty, the applicability
of the method to projects with unknown volatility, and the
intuitive visual representation of the decision space (a triangle)
represent the key advantages of this method for management of
infrastructure projects.

Depending on the sign of the base case (positive or negative)
and the sign of its relative distance from the best-case and worst-
case scenarios, the real option’s value can be calculated as shown
in (1)–(4) at the bottom of the next page.
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The ROV calculated from the fuzzy DCF is the possibilistic
mean value of the fuzzy DCF values E(A+): multiplied by the
positive area of the fuzzy DCF and divided by the total area of
the fuzzy DCF:

Real option valuation =
∫∞0 A (x) dx

∫∞−∞ A (x) d (x)
E (A+) .

In this equation, A represents the fuzzy DCF, E(A+) is the
possibilistic mean of the positive area of the payoff distribution,
∫∞0 A(x)dx is the positive area of the payoff distribution, and
∫∞−∞ A(x)d(x) is the total area of the payoff distribution. This
calculation method is aligned with the real options’ valuation
logic, which implies that the management will interrupt or
modify a project when its payoff becomes negative [76].

Due to the triangular distribution of fuzzy set A+, the positive
value of its fuzzy mean E(A+) can be obtained simply by
calculating the negative area (the blue triangle in Fig. 1) as a
percentage of the total area of the triangle a−α;1; a + β. This
value can be easily determined without integration. The missing
value (Y′ of the apex of the blue triangle) can be obtained by a
calculation using the linear equation of the line defined by two
points: X = a; Y = 1 and X = a−α; Y = 0. Then, we must solve
the linear equation for X = 0 to obtain the Y value of the apex of
the blue triangle (Y′ in Fig. 1). Next, the negative portion of E(A
+) can be easily calculated as (a−α× Y′)/2. The negative value
as a percentage of the total can be obtained by simply dividing
the area of the blue triangle by the total area of fuzzy set A
(a−α +a + β/2); then, the positive percentage value of E(A+)
can be obtained by subtracting the negative percentage from 1.
If we apply the last percentage value to the calculated E(A+),
the option value will be obtained without the use of integration:
this approach offers a significant advantage for policymakers in
terms of modeling the distribution of the payoff model because,
in contrast to the complexity of the Black and Scholes [19]
model, the mathematical hurdle of this approach is minimal.

B. Deductive Approach to Scenarios

The deductive approach to scenarios is particularly suited to
the payoff model of real option valuation [79]. This approach
is based on the initial identification of the two most important
variables (i.e., drivers of change) that can affect the outcomes
of a given strategic investment decision [68]. As alternative (op-
posite) assumptions are formulated with regard to the variables’
future evolution pattern, these two critical variables become the
axes of a 2× 2 scenario matrix, as shown in Fig. 2. For simplicity,
we generically name such key variables “Driver A” and “Driver
B.” As indicated in Fig. 2, while one assumption about future
evolution usually turns out to be the most favorable in terms of

Fig. 2. Structure of a 2 × 2 scenario matrix.

future outcomes, the other—namely, the opposite—assumption
may have a negative impact.

The 2× 2 matrix provides a helpful framework for supporting
the application of the payoff model. Specifically, this matrix
allows the identification of four scenarios with significantly dif-
ferent impacts on the long-term return of an investment project.

Fig. 2 shows that Scenario 3 is associated with the lowest
expected DCF, and its “double negative” scenario is likely to
represent the worst-case input to the payoff valuation model. In
contrast, the “double positive” Scenario 1 represents the best-
case input because it produces the highest credible estimates of
benefits and the most favorable cost expectations. Finally, the
“base” scenario (i.e., that based on an intermediate outcome,
where costs and benefits are neither maximized nor minimized)
might be represented instead by either the “positive–negative”
scenario (Scenario 4) or the “negative–positive” scenario (Sce-
nario 2), depending on the different impacts of the key drivers
(variables A and B) on the future outcomes (NPV) of the strategic
investment decision.

Therefore, if the relative probabilities of occurrence of Sce-
nario 2 (p’) and Scenario 4 (p”) are known (p’ + p” = 1), then
the input for the base case can be obtained by calculating a
probability-weighted mean of the two DCFs:

′basecase′ DCF = (DCFScenario 2xp′)

+ (DCFScenario 4xp′′) .

If the relative probabilities are unknown, then the mean value
of the DCFs stemming from Scenario 2 and Scenario 4 is likely
to be an acceptable approximation because it is assumed that
the two scenarios will share the same degree of possibility
(full possibility = 1) in the fuzzy distribution of project returns
underlying the payoff model [76].

E (A+) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

a+ β−α
6 , if 0 < a− α ′all NPV positive′ (1)

(α−a)3

6α2 + a+ β−α
6 , if a− α < 0 < a′some negative NPV; positive peak′ (2)

(α+β)3

6β2 , if a < 0 < a+ β ′some positive NPV; negative peak′ (3)

0, if a+ β < 0 ′all NPV negative′ (4)
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Fig. 3. Flowchart of the integrated use of scenarios (deductive approach) and
real options (payoff model) for infrastructure projects.

C. Combining Real Options and Scenarios

By combining a 2 × 2 scenario matrix with the payoff model
and real options’ valuation, project decision-makers can obtain a
more comprehensive overview of the long-term effects of major
transportation infrastructure investments. The 2 × 2 scenario
matrix described in Fig. 2 can be seamlessly applied to the case
of a transportation infrastructure project by exploring such a
project’s different sources of revenues and costs and selecting
two of such revenues and costs as the basic drivers of the four
alternative scenarios. Based on these scenarios, the payoff model
will enable the quantification of these revenues and costs and,
ultimately, of the profits (value) of the project itself in a relatively
simple yet accurate way.

In particular, a key feature of construction projects that facil-
itates the application—and increases the contribution—of the
real options logic is that transportation infrastructure invest-
ments are generally framed around specific and different phases.
These phases also follow a precise order from feasibility studies,
project definition, design, negotiation, and precontract stages to
construction and commissioning. Specifically, beginning from
owning the land on which transportation infrastructure might
be built, such a project can be divided into three main stages:
planning and zoning, construction, and postconstruction [75].
A prerequisite for beginning a transportation project is that the
designated area should be available for development. Land must
often be purchased or leased for the purpose of the project,
and the profitability level of the potential project to be built
on the land determines the acceptable cost of obtaining the use
of the land. The planning and zoning phase (Phase 1) consists
of investment in urban development prior to construction and
entails steps such as acquiring or leasing the land (where neces-
sary) and planning the area to be developed (e.g., designing the
architecture, municipal engineering, and infrastructure plans).
After Phase 1, the construction phase (Phase 2) begins when
the zoning is ready, and the construction permits are valid. This
phase includes the construction and development of municipal
engineering and infrastructure for the newly connected areas
(e.g., buildings, roads, pipelines, lighting, and parking areas) and
the construction of the planned transportation line. Finally, the
postconstruction phase (Phase 3) begins after the construction of
the transportation infrastructure is ready and operational. This

phase includes “owning” the service and maintenance of the
infrastructure constructs [75].

Each of the three phases requires specific investments and gen-
erates specific cash-flow revenues. Furthermore, the duration of
each phase is difficult to estimate accurately because of a number
of factors that are often associated with the high complexity and
uncertainty of major infrastructure projects [75]. Each phase
gives policymakers the right—but not the obligation—to pro-
ceed to the next phase. The real option logic—combined with
scenario planning—is very helpful for precisely capturing the
value of this right and thus can provide policymakers with a
more accurate tool than the traditional DCF approach to help
them decide whether to invest in a transportation infrastructure
project.

In Fig. 3, we provide a flowchart summarizing the main steps
of our methodological approach to the integrated use of scenarios
and real options for infrastructure project.

IV. APPLYING OUR INTEGRATED APPROACH TO

SCENARIOS AND REAL OPTIONS TO THE LINE C PROJECT OF

THE ROME METRO

A. Research Setting: Extension of Line C of the Rome
Underground

To illustrate our innovative methodological approach to the
assessment of the long-term benefits of transportation infras-
tructure projects, we apply it to the case of the extension of
the third metro line in Rome (Line C). This project, which was
under consideration in 2007, involved an estimated budget of
approximately €1.6 billion and an estimated construction time
of 8 years. The tender was assigned by Roma Metropolitane
(the Rome Metro), operating on behalf of the Municipality
of Rome, and entailed the expansion of Line C’s main route
toward the northwest by creating additional sections labeled T1
(from Clodio/Mazzini to Farnesina) and C2 (from Farnesina to
Grottarossa).

This project was framed around three phases; for simplicity,
in this article, we focus on the first and second phases: 1) urban
development prior to construction and 2) the construction of the
new section of Line C underground. Specifically, we apply our
methodology in the beginning of the planning and zoning phase
(Phase 1: urban development) to calculate the value of the option
to invest at that particular time and to eventually proceed with
the construction of the two sections TI and C2 (Phase 2).

The dilemma faced by the Municipality of Rome was daunting
and involved the questions of whether to invest an estimated
amount of €761.71 million to undertake Phase 1 and obtain
enough information to make an informed stop/go decision re-
garding the development of Phase 2, and whether it would be
worthwhile to proceed with the project and invest an additional
amount of €825.17 million, the direct estimated cost of building
the new Line C extension. This decision was critical for the
Municipality of Rome, which aimed to improve the connection
of the northern part of Rome with the city center.

To decide whether the extension should be built, Roma
Metropolitane and the Municipality of Rome applied the tra-
ditional DCF technique using the NPV, which led to a negative
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value and the decision in 2007 to not proceed with this infras-
tructure project.

Note that the value obtained by our method combining sce-
narios and real options will be compared at the end of this
section with the NPV obtained by Roma Metropolitane. To fully
highlight the different outcomes of our method, we consider in
its application exactly the same official data that were used by
the policymakers of the Municipality of Rome and the project
decision-makers of Roma Metropolitane when they calculated
the NPV and made their final decision. In contrast with the latter
and the NPV method, we show that the uncertainty of the project
can be reduced by framing this decision as a real option: the
amount of €761.71 million should be regarded not only as an
opportunity for the urban renewal of the northwest area of Rome
but also as the price of the option to proceed to the construction
of sections T1 and C2 (Part 2). If the option value is greater
than the cost of Phase 1 development (the option price), the
Municipality of Rome should invest; otherwise, the extension
of Line C should be terminated immediately.

To evaluate the costs and benefits of the extension of Line
C, Roma Metropolitane performed a thorough feasibility study
in 2007, including 1) mobility studies, 2) forecasting demand
for transportation services, 3) a simulation of the transportation
network’s services and traffic flow calculations, and 4) estimates
of CO2 emissions and fuel consumption [80].

Along with quantitative mathematical models (e.g., automatic
vehicle monitoring during peak hours), qualitative interviews
were used by the Municipality of Rome to determine citizens’
travel habits in the urban areas affected by Line C extension.
The cost/benefit analysis was performed over a project lifecycle
period of 36 years (8 years of construction and 28 years of opera-
tion) and included both infrastructure investments and operating
costs. According to the preliminary study performed in 2007, the
overall investment required for Phase 1 amounted to €761.71
million, while that required for Phase 2 amounted to €825.17
million. Roma Metropolitane identified two key benefits of the
proposed extension of Line C to users: 1) time savings in the
course of business travel (i.e., increased productivity) and 2)
the reduced use of cars (i.e., fuel savings). These main cate-
gories of benefits were used by Roma Metropolitane to estimate
the long-term value of the project and are consistent with the
mainstream planning and project studies literature [34], [35].
Therefore, they are used in this article as the cornerstone of the
illustrative application of our methodological approach.

B. Alternative Scenarios for Line C of the Rome Metro

The 2 × 2 matrix in Fig. 4 describes the four possible sce-
narios for the development of the new northwest extension of
the metro’s Line C at the end of Phase 1 (urban development
prior to construction). The four scenarios result from different
(alternative) courses of evolution of the future benefits for users,
namely, increased productivity and fuel savings.

The scenario in which both benefits to users are large is the
“best-case scenario” (the upper-right scenario in Fig. 4). The
scenario in which both of these benefits are instead small is
the “worst-case scenario” (the bottom-left scenario in Fig. 4).

Fig. 4. Possible scenarios for Rome Line C northwest extension at the end of
phase 1.

The 2 × 2 matrix also includes two intermediate scenarios: one
assuming the attainment of large benefits of the project in terms
of fuel saved and small benefits in terms of time saved in the
course of commuting (the upper-left scenario of Fig. 4) and the
other assuming the attainment of large benefits in terms of time
saved and small benefits in terms of fuel saved (the bottom-right
scenario of Fig. 4). The “base-case” scenario can be determined
as an average state of these intermediate scenarios, i.e., the
upper-left and bottom-right scenarios in Fig. 4. For consistency,
to determine the base-case scenario in this article, we considered
the inputs used by Roma Metropolitane in 2007 [80] in its DCF
analysis to determine the value of the extension of Line C of
Rome’s underground (as described in the next section). The
data were obtained directly from the cost-benefit study that was
available to the Municipality of Rome and the project decision-
makers of Roma Metropolitane in 2007 [80]. Additional inputs
to the model included the incremental operating annual costs
(€−10.06 million), the negative externalities of extra time spent
on local public transportation (€−2.10 million), a discount rate
calculated to be 5%, and a VAT rate of 20% (as of 2007).

The relevant inputs for the direct drivers of benefits are
summarized in Table II.

C. Using Scenarios to Apply the Payoff Model and Calculate
the Value of Line C Extension

In 2007, once the feasibility study and the collection of
documentation related to Line C extension were completed (in
the beginning of Phase 1), the Municipality of Rome had a clear
expansion option. The latter can be defined as an embedded
option that allows the organization that purchased a real option
to expand its operations in the future at little or no cost [72]. The
expansion option, unlike typical options that gain their value
from an underlying security, gains its value from the flexibility
it provides to a company. Once the initial stage of a capital
project has been completed, an expansion option’s holder can
decide whether to proceed with the project.

The “worst-case” scenario offers no significant benefits to the
future users of Line C, and therefore in this case the Line C
expansion option should be discontinued.
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TABLE II
INPUTS TO DCF AND PAYOFF VALUATION

Source: [80].

TABLE III
DCF VALUATION ACCEPTED BY ROME MUNICIPALITY AND THE CONSEQUENT NO-GO INVESTMENT DECISION

Source: [80].

As indicated earlier in this section, we used the DCF projec-
tions used by the Rome Municipality to appraise the investment
opportunity as our base case. The DCF model is shown in
Table III.1 The values are actualized at the 2008 value; hence,

1Please note that for conciseness, we do not report values from year 25 to
year 31 after the beginning of the project.

the columns are identical. All years have been included in the
discounted free cash-flow model, and both the discounting and
the total cash flows reflect the entire planned timeframe (36
years) of the investment. We maintained as terminal value the
input used by the Rome Municipality (99 million euros) for all
scenarios, discounted over 35 periods similarly to the last year
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TABLE IV
DCF OF THE THREE SCENARIOS (WORST, BASE, AND BEST) INCLUDED IN THE REAL OPTION VALUATION AND CALCULATION OF THE

PAYOFF VALUE OF THE OPTION TO EXPAND

The bold entities indicate the total discounted cash flow in each scenario.

of cash flows, following the common practice in DCF valuation
[81].

After the base case was chosen, the best and worst cases were
obtained by varying the main inputs according to the expected
volatility estimated by a feasibility study performed by the Rome
Municipality prior to completing the investment’s performance
evaluation. Then, the payoff model was seamlessly used to
calculate the value of the option to invest in Phase 1 (urban
development prior to the construction of the project infrastruc-
ture) of Line C extension. Table IV reports the main inputs used
in the payoff model to calculate the ROV of the project.

As shown in a visual representation of the ROV of Phase 1 of
the Rome metro’s Line C extension, the possible cumulative
DCF over a period of 28 years (€21 788 million) less than
the capital investment required for Phase 2 (construction) of
€−825.17 gives a possibilistic NPV of Phase 1 of €1353.63
million. Therefore, the possibilistic NPV–option price (the Phase
1 urban development cost of €761.71 million) implies a positive
ROV of €591.92 million. The ROV embedded in the investment
decision at the end of Phase 1 of the planning and zoning of
the Rome Line C extension is thus large and positive (€59 192
million), contrary to a negative expected value of the investment
(€−23 734) derived from a deterministic DCF approach; hence,
the investment should not be turned down since it could possibly
contribute to the economic development of the city of Rome.

Based on this evidence, in 2007, the Municipality of Rome
should have committed €761.71 million to begin the extension
of the metro’s Line C (Phase 1 development). Not only should
the positive value per se of the real option embedded in the incre-
mental capital investment have convinced the management to go
ahead with the investment project—but also the public managers
should have recognized that the outcomes were based on inputs
with truly unpredictable variability. Any new information about
the benefits of the project can change the set of assumptions
underlying the DCF at any moment. This aspect is essentially
related to the undiversifiable risk that drives the returns on major
infrastructure and transportation projects.

However, using the payoff model, public managers can set
the upper and lower limits of the estimates based on the current
acceptable range of uncertain values. This “space” determines
a possibilistic value of the real option including all possible
values within the minimum/maximum range chosen to define
the scenarios. The main factor that should lead to a “go” decision
is the confidence to connect managers’ inputs (the DCFs of
the alternative scenarios) with “possible” mean returns with
a distribution that can be visualized in the shape of a simple
triangle. The intuitive representation of uncertainty about future
returns obtained with the payoff model allows the management
to confidentially reason about the key drivers of value embedded
in the DCF, i.e., the benefits of the transportation infrastructure,
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and to blend their mutually exclusive patterns of evolution (in the
different scenarios) into a coherent and comprehensive measure
of value: the real option.

The approach combining scenarios and real options illus-
trated in this article established a direct and immediate con-
nection between the main categories of benefits used by Roma
Metropolitane (i.e., benefits to users) and the four possible
scenarios leading to the option value of the Rome metro’s Line C
extension at the time of the investment decision (the beginning of
Phase 1).

In the case of the Rome metro’s Line C, the ROV calculated
with the payoff model is large and positive (€591.92); hence,
the Municipality of Rome should have invested in the urban
development project (Phase 1); in doing so, it would have bought
the option to proceed with the construction of the new northwest
line extension later (Phase 2). By investing in the first phase of
the project, the Municipality of Rome would have acquired the
right but not the obligation to eventually build the new Line C
route by postponing the timing of the actual irreversible capital
investment necessary to construct the new infrastructure (Phase
2). Once the option to expand had been purchased and the
urban development had been completed, Roma Metropolitane,
acting on behalf of the Municipality of Rome, could periodically
reassess the estimated values of the indirect benefits; therefore,
the city would have time to decide whether to proceed in building
the new Line C route. The extension would occur only if the
benefits to the direct users were positive.

D. Line C Extension: Comparing the Outcomes of the
Combined Scenarios/RO Approach With Those of the
Traditional DCF Approach

In 2007, the leading policymakers of the Municipality of
Rome and the project decision-makers of Roma Metropolitane
based their understanding of the outcomes of Line C extension
on the traditional DCF approach, calculating the NPV in the
beginning of Phase 1 [80].

Overall, the result obtained through the DCF model differed
significantly from that of the payoff model (as applied in the
previous section of the article). While the NPV was negative
(−€237.34 million), leading to the decision to reject the in-
vestment in the extension of Line C, the ROV (as determined
in the previous section) was large and positive, and it should
have led to the opposite decision to carry out the investment
instead.

This comparison thus clearly indicates the benefits of our
innovative methodological approach and, more generally, of the
possibilistic—as opposed to probabilistic—expected value of
a given investment project. More precisely, the combination
of scenarios and real options helps policymakers capture new
information about relevant changes in the economic landscape
surrounding a major infrastructure project as long as such infor-
mation becomes available, whereas the NPV approach ignores
the benefits related to the ability to delay (or stop) irreversible
investment decisions. Therefore, a relevant difference is how the
combined use of real options and scenarios enables a systematic
approach to transportation infrastructure project evaluation that

encompasses a broad range of benefits to different categories
of stakeholders. While our method identified four different
scenarios arising at the end of the first phase of the project,
the DCF approach ignored the existence of different phases
and treated the project as a single irreversible scenario from
the very beginning of the project. Such determinism inevitably
led to an underestimation of the overall benefits of the pro-
posed Line C extension and, ultimately, of its long-term value.
Consequently, as of 2021, construction of Line C underground
remains to be completed, and the delay in the development of
the main route of Line C contributed to a dismissal of the Line
C extension.

V. DISCUSSION

In this article, we design and apply a new methodological
approach aimed at helping project decision-makers cope with the
uncertainty of transportation infrastructure projects by enhanc-
ing their ability to assess the value of long-term effects (costs and
benefits) of such projects. Specifically, the innovative approach
that we illustrate in this article is designed to allow project
decision-makers to 1) develop a shared understanding of the
potential benefits of major investment projects in transportation
infrastructure, 2) select projects that are most likely to contribute
to economic growth and focus their resources on such projects,
and 3) reduce the financial risks inherent in major investment
projects by regarding such projects as consisting of different
steps, each entailing the right but not the obligation to proceed
forward to the next step. Overall, the methodological approach
we propose in this article helps project decision-makers and
policymakers facing tightening budget constraints optimize their
long-term investment plans [7], [35], [37].

Table V summarizes the main advantages of our innovative
methodological approach by comparing it with the techniques
of scenarios and real options used separately to manage trans-
portation projects.

The integration of scenarios and real options approaches
might offer a viable solution for minimizing project decision-
makers’ bias by directing their attention toward the most ben-
eficial projects. The methodological approach discussed in this
article requires the explicit disclosure of the choice and value
of key project’s drivers used to inform the three scenarios. By
doing so, the assessment of competing investment decisions
becomes necessarily more transparent and reduces potential
bias in project planning and approval (e.g., [2], [3]). Using this
approach, managers can explore the long-term patterns of evo-
lution of the effects of alternative transportation infrastructure
projects and convert different future scenarios into clear cash
flow projections in a systematic yet relatively simple way by
supporting strategic discourse and a real option reasoning ap-
proach (e.g., [63], [66], [78]). In particular, the main contribution
of real options is highlighting how transportation infrastructure
projects can evolve over time and providing an opportunity to
obtain and process new information that creates value for users.
The application of real options—especially the payoff model
combined with scenarios—has the potential to offer a more
disciplined decision-making process than the traditional DCF
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TABLE V
COMPARISON OF OUR COMBINED METHODOLOGICAL APPROACH TO USING

SCENARIOS AND REAL OPTIONS WITH (THE LIMITATIONS OF)
EACH INDIVIDUAL TECHNIQUE

approach for not only the evaluation of transportation projects
but also their timing. The NPV logic is biased in favor of the
early investment commitment because it considers only the risk
of waiting (preemption of scarce assets) without recognizing
the advantages of waiting (a reduction of uncertainty). In the
case of Line C extension, taking into account the possibility of
modifying (i.e., postponing) major investment decisions based
on the new information that becomes available over time might
allow the managers of Roma Metropolitane to reconsider the

choice to invest in Phase 1 (planning and zoning) and thereby
to acquire the right—but not the obligation—to proceed with
Phase 2 (construction) later.

The combined use of scenarios and real options can also help
prevent the occurrence of cases in which uncertainty stops or
causes the denial of approval of projects that in fact have the
potential to create long-term value for users [82]. As a result, we
hope that our article will ignite the debate over the costs and ben-
efits of transportation infrastructure investments in relation to
the nature, size, and timing of such costs and benefits [28]–[31].
The combined use of real options and scenarios can help improve
the transparency and collegiality of decision-making processes
of different project stakeholders by preventing the dominant
players and personal interests from prevailing and by fostering a
dialog among different institutional players, especially direct
users [83]. On the one hand, our innovative methodological
approach to assessing the long-term benefits of transportation
infrastructure builds upon the previous work of Favato and
Vecchiato [25], who initially explored the topic of combining the
payoff model of real options and the deductive logic of scenarios.
However, the above study was focused on the specific case of a
biotech company in which the identification of the key variables
for the axes of the scenarios was straightforward and idiosyn-
cratic. In the biotech industry, the long-term profits of a new
drug depend on its efficacy and safety compared with those of
the main drug that is currently the dominant product (or standard
of care). The variables of efficacy and safety were thus used as
the main axes of the scenarios [25]. In addition, the above study
focused on the idiosyncratic phases related to the development
of new drugs (i.e., preclinical testing, studies involving patients
to estimate efficacy, and clinical studies entailing a comparison
to the current best-available treatment).

Despite sharing the same roots of the payoff model and the
deductive logic of scenarios, this article develops a different
approach that is unique to the specific case of transportation
infrastructure. First, it considers the idiosyncratic phases (i.e.,
the planning and zoning phase, the construction phase, and the
postconstruction phase) of such investment projects. Second,
and more importantly, it focuses on the assessment of the long-
term value of the costs and benefits of infrastructure projects by
leading to a more accurate and comprehensive estimate of such
costs and benefits.

The application of our methodology to the case of the north-
west extension of Line C of the Rome underground also revealed
several limitations of this methodology. First, it is important to
recognize that the quantification of future benefits of transporta-
tion infrastructure projects still depends on the knowledge of
experts involved in the preliminary analysis of such benefits.
In other words, our methodology is meant to assist project
decision-makers in exploring the data on benefits and assessing
their future value; the identification of such benefits (e.g., their
nature and likely size) is a fundamental prerequisite for the
effective use of real options and scenarios themselves.

Second, a critical issue in the application of our methodologi-
cal approach entails the conversion of the intermediate scenarios
of the 2 × 2 scenario matrix (i.e., scenarios “+;−“ and “−;+”)
of Fig. 3 into the base scenario for the payoff model. In the
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proposed example, we identified the base-case scenario on the
basis of the main estimates proposed by Rome Metropolitane
itself in calculating the NPV of the project. In the absence of a
framework for deriving the base-case scenario or assessing the
relative probabilities of the intermediate scenarios of the 2 ×
2 scenario matrix, policymakers can assign the same likelihood
(i.e., 50%) to the intermediate scenarios themselves and then
determine the base-case scenario of the payoff triangle as a
simple average of the two. However, this simplified approach
might lead to an inaccurate—albeit slightly so—estimate of the
value of the real option.

Third, the Line C extension was a relatively easy project. For
the sake of simplicity, we also applied our integrated scenarios
and real options approach to the first and second phases of the
Line C extension, thereby ignoring the costs and benefits related
to the service and maintenance of the infrastructure constructs
(Phase 3: see [75]). Furthermore, for our illustrative case to
be consistent with the available data, we based the application
of our method on the same costs and benefits used by Roma
Metropolitane in 2007 to calculate the NPV of this project. On
the one hand, we might thus have overlooked the impact of
some other costs and benefits which are recognized in the extant
literature on transport projects (e.g., benefits due to reduced
pollution or an increase in real estate value) [35]. On the other
hand, the flexibility of the scenario planning approach allows
us to seamlessly increase the number of costs and benefits
of transportation projects that are taken into account by our
proposed method.

Finally, it is worth mentioning that our methodological ap-
proach has never been used (ex-ante) on infrastructure projects,
and no data was empirically collected on the feelings and beliefs
of decision-makers on its applicability.

VI. CONCLUSION

The aim of this article was to contribute to the planning and
project studies literature by exploring how the integrated us
of scenarios and real options might support investments under
uncertainty, by allowing project decision-makers to better select
the new transportation projects in which they should spend their
limited budget resources (e.g., [26], [27]). Our article filled a
practical gap in relation to the embedding or real options in
scenario planning as well as a theoretical gap.

So far, scenarios and real options had generally developed
as separate approaches to uncertainty management, with these
methods having different theoretical premises and nature (i.e.,
scenarios: qualitative approach based on expert’s and managers’
opinions; real options: quantitative approach based on the col-
lection and used of formalized data) and different objectives
(scenarios: fostering a strategic conversation process which al-
lows decision-makers to adapt their mental models; real options:
improve the accuracy of the calculation of future investment
outcome). Our article contributed to the extant literature by
discussing how the combined use of scenarios and real options
help advance each individual technique by complementing their
different (qualitative vs. quantitative) premises and objectives.

The outputs of scenarios and real options had been found
to be more reliable and effective when these techniques were

integrated, as the weaknesses of one technique turns to be the
strength of the other [16], [17], [24], [25].

Our article had some clear limitations, including its retrospec-
tive use in past projects rather the ex-ante application in future
ones. However, we hope that, despite these limitations, future
research efforts might improve the accuracy and reliability of
our framework by applying it to different types of infrastructure
projects. More generally, we hope that our article might spur the
investigation of innovative approaches which move away from
traditional (static rather than dynamic) DCF-based methods of
project evaluation, by driving project studies research toward
new opportunities and challenges [40], [41].
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