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a  b  s  t  r  a  c  t

Hydrogen  fuel  cell  vehicles  have  the  potential  to contribute  to  a
sustainable  transport  system  with  zero  tailpipe  emissions.  This
requires  the  construction  of a  network  of  fuel  stations,  a  long-
term, expensive  and  highly  uncertain  investment.  We  contribute  to
the  literature  by  including  a  knock-out  barrier  option  in an  n-fold
compound  real  option  model  to take  account  of  immediate  project
failure  in  a multi-stage  sequential  investment  project.  Our  model
allows  to explicitly  incorporate  the default  possibility  of  large-scale
energy  infrastructure  projects.  In our  case  study  of  hydrogen  infra-
structure  development,  we  find  that  even  for  the  least  conservative
valuation  method  no  profitable  business  case  can  be  made  for  the
development  of  hydrogen  as  a sustainable  transportation  mode.
However,  we  do provide  some  suggestive  scenarios  that  plausible
tax  schedules  can  be  designed  to  overcome  the  starting  problems
for  hydrogen  infrastructure  development.

©  2015  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Over the past decades, real option modeling has become an increasingly popular approach for
the valuation of large infrastructural projects, for the valuation of innovative projects in the natural
resources and energy sector and in technology-intensive industries. Examples of the former include
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applications to toll road development (Rose, 1998), airport expansion (Smit, 2003), and highway
development (Zhao et al., 2004). Examples that apply real option valuation to natural resources and
energy problems include Conrad (2000), Fisher (2000), Sanders et al. (2013) and Sarkar (2009). Appli-
cations of real option modeling of innovative projects in technology-intensive industries can be found
in Cassimon et al. (2004, 2011a), Fuss et al. (2009), and Schwartz (2004). Real option valuation is
preferable to net present value computations because it takes into account the value of waiting and
operational flexibility (Cassimon and Engelen, 2015).

Typically, real option valuation is based on the hypothesis that the underlying project value changes
over time according to some stochastic process with high volatility (e.g. Conrad and Kotani, 2005). The
only uncertainty taken into account is the possibility of a deviation from an expected condition based
on the variation of one or more environmental conditions that drive the stochastic process. Standard
option models assume that the option stays alive irrespective of the value of underlying asset dur-
ing the life time of the option. However, some investment projects may  have knock-out features
that may  immediately and completely terminate the model between two decision points. Here, one
may  think of a physical catastrophe causing the loss of crucial societal and/or governmental support,
insurmountable technological problems, or unexpected extra costs requiring additional funding at
excessive prices and leading to financial distress. Less dramatically, governments or regulators may
cancel or cut the funding if technological progress stays below their expectations; or investors may
abandon their plans when an unplanned event causes a very low expected present value of the under-
lying investment because they do not want to spend additional money up till the moment of the next
decision point to proceed or not to the next phase. A real-world example of such termination is a pilot
project for hydrogen-fueled buses in the Amsterdam public transport system. After its start in 2008
it encountered a leakage between the hydrogen tank and the hydrogen refueling system leading to
immediate project termination (Backhaus and Bunzeck, 2010). Failure to account for such knock-out
characteristics may  lead standard real option models to overvalue a project.

In this article, we extend the existing real option literature by including a (down-and-out) barrier
into an n-fold compound real option framework to value a large and innovative infrastructure project.
An n-fold compound option framework typically captures the decision moments of a multi-stage
investment project where the different phases can be seen as a sequence of real options and where
each phase gives the option to move to next phase (Cassimon et al., 2004). We  will develop and present
a model to estimate the fair value of an innovation project that will be knocked out if at any time the
underlying project value breaches the minimum level that is acceptable to investors. We  thus model
an exogenously defined minimum constraint, which the investor of the project is not willing to fall
short of.

Options with barrier features are quite common in the financial option literature. The original
pricing formula for continuously monitored knock-out barrier options goes back to Merton (1973).
Recently, financial options with barriers have been frequently used to analyze a firm’s default probabil-
ities (see Broadie et al., 1997; Brockman and Turtle, 2003; Kou, 2003). The basic idea is that corporate
equity cannot be modeled as a standard path-independent call option on the value of the firm. It will
always be in the interest of the equity holder – that is, the holder of the option on the firm’s residual
value – to hold on to the option until expiration. However, before expiration the bondholders may
pull the plug and declare bankruptcy if firm assets drop to a critically low value. Consequently, it is
argued that equity should be modeled as a path-dependent option that can be terminated prior to
expiration. A similar reasoning applies to the real option approach of valuing large and innovative
infrastructure projects. Cost overruns, financial distress, extra funding needs, or the breakthrough of
a competing technology can lead to an immediate termination of the project prior to expiration of the
option and the next decision moment. This is particularly important for project financing. To the best
of our knowledge, we are the first paper to apply barrier options in an n-fold compound real option
setting.

We will apply our barrier approach to the case of hydrogen infrastructure development. In our
view, the hydrogen case is not only an appropriate application of a barrier model but it is also of
relevance in its own right. From a societal perspective, the search for a feasible and sustainable source
of energy to reduce the emission of greenhouse gasses has increasingly gained priority and hydrogen
is one of the most attractive alternatives known so far (Adamson and Pearson, 2000). We  focus on
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the development of a hydrogen fuel station network for cars. For a successful transition to hydrogen-
powered transportation one needs to solve crucial technology difficulties, create a market for new
vehicle types, and further achieve economies of scale in vehicle production. An innovation such as
hydrogen fuel-cell technology will only have a chance to be successful if it is perceived to be safe,
reach an equal performance as a regular internal-combustion-engine vehicle today, and the supporting
infrastructure for refueling is established (Schulte et al., 2004). The latter requires significant amounts
of irreversible investments over a decade or more until large-scale commercialization can be reached
(Schoots et al., 2010). In short, investing in a new hydrogen infrastructure will face huge market risks
as well as technological risks and a substantial probability of intermediate failure and abandonment.

So far, energy analysis in general and hydrogen analysis in particular mostly uses sensitivity anal-
yses, scenario studies or simulations to assess the impact of specific uncertainties. Many hydrogen
infrastructure development reports adopt scenario-based simulations, for instance, HyWays,1 the
U.S. Department of Energy Roadmap2 and HITA.3 Moreover, a number of studies (Agnolucci, 2007;
Chang et al., 2007; Joffe et al., 2004) have analyzed and compared the performance of different
hydrogen pathways. Thomas et al. (1998) evaluate different market penetration scenarios to esti-
mate the likely number of fuel cell vehicles which might be sold in the United States over the next
decades. Ogden (1999a) develops an infrastructure case study for hydrogen-fueled vehicles in South-
ern California. Mulder et al. (2007) make use of a top-down penetration scenario to assess different
technology configurations in terms of chain efficiency and CO2 emissions. A similar research is con-
ducted by Wietschel et al. (2006) to evaluate hydrogen technologies under different costs, emissions
and efficiency scenarios.

Clearly, it is preferable to use a more accurate capital budgeting decision-making framework such
as real option modeling (Abadie and Chamorro, 2008). It can directly transform uncertainties into
flexibilities and provide more insight in the dynamics of the project (Guerrero, 2007). Real options are
now widely accepted in the literature to value and select projects with strategic issues and operational
flexibilities (Dixit and Pindyck, 1994; Trigeorgis, 2000). To the best of our knowledge, van Benthem
et al. (2006) is the only real option application on hydrogen.

In short, the paper extends the existing literature in two  ways. On the one hand, we are the first
article to incorporate a barrier option in an n-fold compound real option setting. On the other hand, we
show how this can be applied to the relevant real-world case of the development of a new hydrogen
vehicle infrastructure. Our analysis shows that even for the least conservative valuation method no
profitable business case can be made for the development of hydrogen as a sustainable transportation
mode. However, we do provide some suggestive scenarios that show that plausible tax schedules can
be designed to overcome the starting problems for hydrogen infrastructure development. To the extent
that sudden project failure would be predominantly caused by potential reversals in political support,
a cheap way to make the development of hydrogen infrastructure – and other similar projects – more
attractive would be to design credible long-term political commitments to this type of development.

The rest of the article is organized as follows. Section 2 introduces the concept of investment
failure and its relation with barrier options. In Section 3 we present the basic model and discuss its
main features. Next, Section 4 introduces the case of hydrogen infrastructure investment and presents
the case results when applying the model. In Section 5 we confront our result with real-world business
expectations. Finally, Section 6 summarizes and concludes.

2. The possibility of default in large-scale infrastructure projects

Large-scale infrastructure projects are risky as they require huge irreversible investments, have a
long planning horizon, and often use a non-standard technology. Consequently, such projects often

1 HyWays is a research project conducted by the European Commission with the aim of developing a validated and
well-accepted roadmap for the introduction of hydrogen in the energy system in Europe. More details can be found at
www.hyways.de.

2 See also http://hydrogendoedev.nrel.gov/roadmaps vision.html.
3 Hydrogen Infrastructure Transition Analysis by the U.S. National Renewable Energy Laboratory (NREL). See for more infor-

mation: www.nrel.gov.

http://www.hyways.de/
http://hydrogendoedev.nrel.gov/roadmaps_vision.html
http://www.nrel.gov/
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Fig. 1. The decision-making diagram of a barrier real option.

experience cost overruns or benefit shortfalls and unforeseen difficulties. For a sample of 258 trans-
portation infrastructure projects Flyvbjerg (2007b) shows that the frequency of cost escalation for
a randomly selected project is 86%, with an average cost escalation of about 28%. The size of the
standard deviations of the cost escalation (between 30 and 60%) illustrates furthermore the huge
uncertainty with respect to cost overruns. Revenue overestimation occurs frequently as well. For
instance, Flyvbjerg et al. (2005) find that rail passenger forecasts are overestimated by an average of
105%. Examples of projects hit by cost overruns and benefit shortfalls abound: Boston’s Big Dig, the
Channel tunnel, the Quebec Olympic stadium, Toronto’s Sky Dome, the Sydney Opera House, London’s
Millennium Dome, Hannover’s Expo 2000, Athens’ 2004 Olympics, the Copenhagen metro, the Ore-
sund Bridge between Sweden and Denmark, and the Great Belt rail tunnel linking Scandinavia with
continental Europe (Flyvbjerg, 2007a). Moreover, since it is quite difficult to specify ex ante the rele-
vant risks of large-scale projects, such projects are vulnerable to unforeseen events (Szyliowicz and
Goetz, 1995).

For the above reasons, many large infrastructure projects have experienced situations of financial
distress. Examples include large-scale projects such as Eurotunnel, Iridium, Globalstar, Bangkok’s Sky-
train or Canary Wharf (Esty, 2004). A detailed case study on the financial distress of the Eurotunnel
project can be found in Vilanova (2006). Miller and Lessard (2000) show that about 40% of large-
scale engineering projects between 1980 and 2000 performed poorly, leading to total abandonment
or restructuring after financial distress. It is no surprise to see that such risky projects are often sep-
arated from the parent company to prevent a failing project to spill over to the rest of the company
(Esty, 2004). Such stand-alone entities are often highly leveraged making them even more vulnerable
to delays, cost overruns and unplanned events. Obviously, knowledge of the project default level is
crucial in determining the economic viability of the infrastructure project. As the energy sector attracts
more project financing than any other sector, our model and our case study on energy innovations are
very relevant for both companies as well as policy makers.

In the literature on default risk, structural models postulate that default occurs when the value of a
firm’s assets drops below the debt value. For instance, Duffee (1999) uses a contingent claims valuation
to support this assertion and to find the probability of default. In a similar way, large infrastructure
projects might also get bankrupt if the economic value of the project drops below a certain threshold
value. Fig. 1 illustrates this process by depicting a possible path of the project value over time. When
the project value increases over and above the investment expenditure, the option to invest in the
project is in-the-money and calls for (early) exercising the investment option. We  label this the profit
zone in Fig. 1. When the project value stays below the investment expenditure the option to invest is
out-of-the-money. In this case investing in the project is loss-making, but the company holds on to its
option as the project might become profitable in the future (loss zone).
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When the project value drops below a certain threshold value or barrier, default occurs and the
entire project is abandoned. We  label this the bankruptcy zone in Fig. 1. Default may  be due to market
reasons, for instance, when the project cannot service its interest and debt payments anymore or
when the project cannot find additional financial resources to cover its cost overruns. For instance, at
the moment of the financial distress of the Eurotunnel project in 1995, its project value amounted to
£3.59 million, while its outstanding debt was equal to £6.35 million (Schueler, 2007). Other reasons for
hitting the barrier include technological failure, breakthrough of a competing technology or political
interference.

Real option valuation of a project that is characterized by a knock-out feature can be done with a
down-and-out barrier option. The project – and the option – is immediately terminated if the under-
lying asset value reaches a specified barrier level prior to the expiration date of the option. For our
basic model, we use an n-fold compound option framework as it captures the decision moments of a
multi-stage investment project. This matches well with the various transitional phases of the develop-
ment of a hydrogen-based transportation system. We  model market and technological uncertainty as a
two-dimensional Brownian motion with both market and technological uncertainties rolling together
for an increased volatility (see next section). In addition, we impose a barrier which will work as a
restriction to the stochastic process and may  cause it to stop earlier.

Our modeling approach allows for a knock-out feature that terminates the entire project. Similar
types of problems have been analyzed in the literature. To cope with the possibility of permanent
project failure, Schwartz and Moon (2000) develop a real option model which incorporates a Poisson
process to evaluate R&D projects with a chance of a catastrophic event that causes the project’s value
to jump to zero. They solve the ensuing valuation problem by numerical approximation. Cassimon
et al. (2011b) use discrete success–failure probabilities at each stage of a pharmaceutical project to
reflect technical catastrophic failure in a compound option framework. While Poisson jumps and
discrete-time failure rates have their merits, both approaches assume the project value to drop to zero.

Although this is an important feature to bring many high-risk projects closer to reality, not all
events are of a catastrophic nature causing the project value to jump to zero. Our barrier model allows
for less dramatically events to terminate the project, without the need for the project value to drop
completely to zero. This characteristic is especially valuable in a context of project financing, such
as our case study on the establishment of a hydrogen infrastructure network. In many cases private
investors pull out of a project without the occurrence of a catastrophic event. Cost overruns, changes
in consumer preferences, changes in government support, developments of competing technologies
or changes in societal perceptions of certain technological solutions may  cause private investors to
decide to pull their money out of the project even though the project value did not drop to zero. Such
investment behavior occurs as the project value drops below a minimum threshold necessary for
the financial viability of the project. In high-risk environments private investors indeed demand high
expected returns. Events which make the project value to become financially unattractive for private
investors because the expected return would remain below their target value, thus may  trigger a
knock-out feature. Poisson jumps and discrete-time failure rates do not allow for such less drastic
events.

From a private investor’s point of view this is a valuable extension of the existing knock-out mod-
eling approaches. This is not to say that catastrophic risks that force project values to drop to zero are
not important for hydrogen projects. In fact they still are and are still captured by our approach. We
only argue that the barrier model allows to handle a wider range of possible knock-out features. In
project financing the barrier is therefore the minimum project value acceptable to private investors.

We will first develop the n-fold compound barrier option model in Section 3 and then apply it to
the hydrogen infrastructure case in Section 4.

3. The model

3.1. Theoretical framework

As the aim of the paper is to analyze the viability of a hydrogen infrastructure project from a private
investor’s perspective, we use a geometric Brownian motion for the underlying stochastic process. Our
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choice is dictated by having a tractable analytical solution in a closed-form format which is easier to
understand by decision-makers in the business setting of our case study. A closed-form expression
for barrier options under the geometric Brownian motion hypothesis has long been well-known. As
we incorporate the barrier feature into the closed-form n-fold compound option solution of Cassimon
et al. (2004), we prefer to keep a closed-form expression for our model as well. Moreover, because
our focus is on the incorporation of the barrier component, we  prefer to keep the remainder of the
framework as standard as possible.

Obviously, one can find alternative specifications for the underlying stochastic process in the lit-
erature, such as mean-reverting or Poisson jump specifications. Closed-form expressions for other
stochastic processes, however, are very few. As a jump-diffusion model extends the classical diffu-
sion modeling framework by adding jumps to capture large and sudden changes in the underlying
state variable, such specification could be an alternative for our choice. However, because of the
difficulty in obtaining general analytical expressions for barrier options under the jump-diffusion
framework, much of the work has focused on complex numerical approximations or Monte Carlo
valuation methods.

Specifications that use mean reversion, such as an Ornstein–Uhlenbeck process or a square root
model, are frequently used to model interest rate dynamics (Neftci, 1996; Ritchken, 1996). It is often
assumed that the asset price might behave randomly in short term but tends to converge to an equi-
librium level in the long run (Cox et al., 1980). Again, analytical solutions and tractability is often a
problem (Wilmott, 1998). Mean reversion is also less suited to describe the asset price behavior in our
case study.

We  therefore assume that the evolution of the underlying project value can be written as a Brownian
motion {Vt}t ∈ [0,T]. The uncertainty is defined in a filtered probability space (�,  F, P), where � includes
all possible instants of the stochastic variation of Vt. Given the information filtration F, the market value
of a claim on the expected future cash flows is represented by Vt under physical probability measure
P at time t. We  assume the market to be complete with no transactions costs. The risky investment
project dVt will follow the stochastic process:

dVt = �Vtdt + �MVtdWM
t + �T VtdWT

t , (1)

with � the expected rate of return on the project, �M the market uncertainty, �T the techno-
logical uncertainty, dWM

t and dWT
t stochastic variables which follow a Wiener process in which

dWj
t∼N(0,

√
dt) for j = M,  T.

The complexity of the model can be reduced by collapsing market uncertainty and technological
uncertainty into one factor with volatility �̃.4 Formally, the combined volatility is defined as �̃ =√

�2
M + 2��M�T + �2

T . Total volatility depends on the degree of market and technological uncertainty
and on the correlation � between these two sources of stochastic shocks. �̃ is higher when market
uncertainty �M and technological uncertainty �T are positively correlated, for instance when market
acceptance (demand) goes up as technological advances occur. It is lower when they are negatively
correlated. In the simplified model, dVt will follow a simple Brownian motion:

dVt = �Vtdt + �̃VtdWMT
t (2)

3.2. Option valuation

We  first present the option valuation model for a simple real barrier option, before incorporating
the barrier into an n-fold compound real option framework.

4 Cortazar et al. (2003) use a similar approach to evaluate natural resource exploration investments with price and
geological–technical uncertainty, but without a barrier as a restriction to the stochastic process.
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3.2.1. European barrier option
The value of barrier options is calculated path dependently with trigger prices. Assume a call option

with maturity time T and strike price I has zero value if the underlying project value Vt falls below the
barrier B at some point before maturity. Then the option value at any time t can be written as:

C(t, V) = e−r(T−t)EQ [(VT − I)+1{max0≤t≤T Vt≥B}] (3)

Here, EQ denotes the expectation under the risk neutral measure Q, (VT − I)+ is short-hand for
max [(VT − I), 0] and 1{max0≤t≤T Vt≥B} is an indicator function that takes the value 1 when the under-
lying project value V does not fall below the barrier B during the lifetime of the option and the value
0 when it does. The barrier B is the minimum level of the underlying project value that is acceptable
to investors.

We assume that C ∈ [(0, T) × (B, ∞)], that C is continuously differentiable in the first variable and
twice continuously differentiable in the second variable and satisfies the partial differential equation.

∂C(t, V)
∂t

= rC(t, V) − rV
∂C(t, V)

∂V
− 1

2
�̃2V2 ∂2

C(t, V)
∂V2

(4)

Here the option price is computed based on the expected option payoff under the equivalent mar-
tingale risk neutral measurement, discounted at the risk free interest rate r.5We  define  ̌ = B/V0 < 1,
where the parameter  ̌ reflects the size of the barrier relative to the initial underlying project value.
Extra boundary conditions are determined by the nature of the barrier. Failure occurs at the first time
t, where t ∈ [0, T], at which the project value Vt fails to reach the level B. If so, we assume the option
expires without value6:

C(t, B) = 0, 0 ≤ t < T, (5)

In case the project value remains above the barrier B during the whole lifetime of the option, the end
value of C is equal to:

C(T, V) = (VT − I)+, B ≤ Vt,  ̌ ≤ 1 (6)

The probability of an investment failure is defined as the chance at time t that the underlying project
value falls below the barrier before option maturity T. Based on Brockman and Turtle (2003), this
probability can be written as:

Pt(VT ≤ B) = ˚

(
ln (ˇ) −

(
r − 1

2 �̃2
)

(T − t)

�̃
√

T − t

)
+ ˇ(2r/ �̃2)−1˚

(
ln (ˇ) +

(
r − 1

2 �̃2
)

(T − t)

�̃
√

T − t

)
(7)

Note that the probability in Eq. (7) is increasing in the horizon considered, since it is a cumulative prob-
ability of reaching the barrier before T at current time t. Note that as Vt becomes large, the likelihood
of the barrier being activated becomes negligible.7To derive the option value, based on the formula
for a European down-and-out call option proposed by Broadie et al. (1997), we  need the solution of
diffusion Eq. (8) with the initial condition A(0, x) = F(ex).8

A(�, x) = 1√
2�

∫ ∞

−∞
F(ex+�

√
�	)e−(1/2)	2

d	, (8)

5 One of the alternative approaches is to define this expected rate of return as the risk-adjusted discount rate for the asset’s
cash flow. With the capital asset pricing model, expected return on an asset is considered as a function of the risk free rate and
the  risk premium. Instead of assuming that the project’s value grows at an uncertain expected rate, we  assume that it grows at
the  risk-free rate. This should not be viewed as particularly restrictive. We  refer to Dixit and Pindyck (1994) for further details.

6 There might also be situations where the project will have some scrap value upon default. In that case the model incorporates
a  non-zero payoff R.

7 Many models on credit default (e.g. Reisz and Perlich, 2007) also include a second probability that the asset price is between
B  and I, i.e.B ≤ VT < I.

8 Appendix A contains the detailed proof.
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Then:

C(t, V) = V [N(d1) − ˇ(2r/ �̃2)+1 · N(d3)] − I · e−r(T−t)[N(d2) − ˇ(2r/ �̃2)−1 · N(d4)] (9)

where

d1 =
ln
(

V
I

)
+
(

r + 1
2 �̃2
)

(T − t)

�̃
√

T − t
, d2 = d1 − �̃

√
T − t, (10)

d3 = d1 + 2

�̃
√

T − t
ln (ˇ), d4 = d2 + 2

�̃
√

T − t
ln (ˇ), (11)

3.2.2. Compound barrier options
Multi-stage investments can be seen as a sequence of real options and thus modeled as an n-fold

compound option (Cassimon et al., 2004). For an investment project with three phases (I, II and III), as
we will use in our case study, the pilot phase I has a strategic value as it provides the option to move
to phase II in case of success, which in itself gives the option to move to phase III.

The start of phase I indicates the opportunity to subsequently invest in two  optional phases toward
the full commercialization of the fuel station network.9 The strategic value of this opportunity can be
captured by a 2-fold compound option given by:

C2(t, V) = V

[
N

(
a1, a2;

√
T1

T2

)
−
(

B

V

)(2r/ �̃2)+1
N

(
c1; c2;

√
T1

T2

)]

− I2e−r(T2−t)

[
N

(
b1; b2;

√
T1

T2

)
−
(

B

V

)(2r/ �̃2)+1
N

(
d1; d2;

√
T1

T2

)]

−I1e−r(T1−t)

[
N(d1) −

(
B

V

)(2r/ �̃2)+1
N(d1)

]
(12)

where C2 is the value of the compound option with the notations

a1 =
ln
[

V
V∗
]

+
(

r + 1
2 �̃2
)

(T1 − t)

�̃
√

T1 − t
,  a2 =

ln
[

V
I2

]
+
(

r + 1
2 �̃2
)

(T2 − t)

�̃
√

T2 − t
, b1 = a1 − �̃

√
T1 − t,

b2 = a2 − �̃
√

T2 − t, c1 = a1 + 2

�̃
√

T1 − t
ln
[

B

V

]
, c2 = a2 + 2

�̃
√

T2 − t
ln
[

B

V

]
,

d1 = b1 + 2

�̃
√

T1 − t
ln
[

B

V

]
, d2 = b2 + 2

�̃
√

T2 − t
ln
[

B

V

]
. (13)

In this model T1 is the maturity date of the first option. At time T1, the compound option gives the right
to buy another option C1, the underlying option, that has an exercise price of I2 and a maturity date
T2. V* is the value that the underlying option C2 is at the money at time T1, i.e., V(T1) = V*. The solution
of V* solves the underlying call option C1(T1) − I1 = 0. For this multi-stage investment to successfully
move to investment phase III, the boundary condition that V(T2) > I2 given that C1(T1) > I1 and Vt ≥ B
needs to be fulfilled. It follows in a straightforward way  that the value of the compound call option C2
depends on the joint probability that the project value is above V* at T1 and above I2 at T2, conditional
on staying above barrier B during the two  optional phases.

9 It is straightforward to extend the model to more phases.
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4. Case study

This section applies the compound barrier option model to the case of technological innovation in
hydrogen fuel-stations in a region of the Netherlands. First, we  provide some background informa-
tion and describe the business case. Next, we  give an overview of the input numbers and cash flow
calculations before moving to the valuation through the compound barrier option framework.

4.1. Description of the hydrogen infrastructure project

According to the International Energy Agency, the transportation sector in 2009 consumed nearly
56% of global oil production and was responsible for around 50% of all airborne emissions (IEA, 2010).
The combination of diminishing fossil energy resources, environmental pollution, and climate change
urgently calls for a sustainable transport system. Unlike fossil fuel, hydrogen does not emit carbon-
dioxide, which can substantially reduce emissions of regulated pollutants and green houses gases
(Ekdunge and Råberg, 1998; Gasafi et al., 2008). Being powered directly from hydrogen-oxygen reac-
tion, fuel cell vehicles can achieve a high level of system efficiency in an extremely quiet operation
process with zero tailpipe emissions (Smit et al., 2007). Sandy Thomas (2009) compares the societal
benefits of deploying various alternative transportation solutions, including hybrid electric vehicles
and all-electric vehicles powered by either batteries or fuel cells, leading him to conclude that a hydro-
gen powered fuel cell vehicle is the best option to reduce greenhouse gases. Mercuri et al. (2002)
estimate that replacing 5% of diesel buses in Milan with hydrogen fuel cell buses can reduce health
care costs by D 1.37 million per year.

As an energy carrier, hydrogen cannot be directly extracted like natural gas or oil. Just as electricity,
it has to be produced from a primary source and transmitted to the location of consumption. Conse-
quently, existing transport infrastructures need to be upgraded to supply hydrogen fuel cell vehicles.
This requires significant amounts of irreversible investment costs over a decade or more until large-
scale commercialization can be reached. With a long maturity time, profitability is most likely to be
delayed until a sufficient number of hydrogen-powered vehicles can be produced and accepted by
consumer markets. The significant initial costs, together with the project uncertainty, will probably
result in insufficient cash inflows to justify investment based on any traditional economic valuation
model such as a cost-benefit or a NPV model. Based on the environmental and economic issues dis-
cussed, it is widely believed among practitioners that additional strategies and incentives are required
to accelerate the transition.

A hydrogen energy chain starts with hydrogen production, followed by hydrogen transport and
distribution and finally hydrogen conversion and end use. The costs of a hydrogen infrastructure vary
with different types of hydrogen production technologies, forms of storage and methods of trans-
portation and dispensing. Most of the infrastructure cost will be spent on building a large network of
refueling stations. We  consider the most likely case where relatively large-scale centralized hydrogen
production plants produce hydrogen, which will then have to be transported and distributed to the
fuelling stations. Liquefied hydrogen will be transported by using tanker trucks; the cost of which is
incorporated in the production cost.

Our case study is based on the HyWays (2008) scenario. Hydrogen-based vehicle rollout in the
Netherlands is expected to happen in three phases: a pre-commercial phase from 2010 to approxi-
mately 2014 comprised of technology refinement and market preparation. About 30 hydrogen stations
will be set up to serve around 1000 cars. The early-commercialization phase II (2015–2024) requires
the construction of additional fuelling stations up to a total of 100 stations serving approximately 5000
fuel cell vehicles. Finally, in the full-commercialization phase III (2025–2044) approximately 20,000
hydrogen vehicles will be on the road in this region. It takes approximately 350 hydrogen refilling
stations.

In the remainder of this section, we will conceptualize the initial investment as creating growth
options and develop a framework for the valuation process. We  follow the HyWays scenario and
assume that investment in a hydrogen infrastructure will take place in several phases, moving grad-
ually from small scale fleet projects to large distribution network coverage. The value of such staged
investments is not only determined by the cash flows coming from the initial investment but also
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Fig. 2. Overview of the hydrogen infrastructure case study with main input parameters.

by the future investment opportunities opened up by the pilot stage. Each stage can be viewed as an
option on the value of subsequent stages and valued as a compound option (Cassimon et al., 2004).
It is important to note that phase III (full-commercialization) cannot proceed without the execution
and successful completion of phase II, which itself will only take place upon the successful transition
from phase I. The end points of phases I and II thus represent decision times. A positive continuation
decision at that time requires the option value of the future project to exceed the extra investment
required to enter the next phase. If not, the project will be terminated. In addition, default in the early
stages is possible between formal decision moments when the project value drops below the barrier.
In that case, the entire project will be directly terminated.

4.2. Overview of the input parameters and cash flow calculations

To calculate the expected operating cash flows for each project phase, we  need to estimate the
present value of the expected operating revenues Rt less operating expenses Ct:

Rt =
T∑

t=1

Ft · ∂ · Xt · Ht · e−rt and Ct =
T∑

t=1

(Ft · ∂ · Xt · CUt + It · M + CLt)e−rt (14)

with T the estimated economic lifetime of the infrastructure, F the number of hydrogen fuel cell
vehicles on the road, ∂ the fuel efficiency in kg per km,  Xt the estimated annual travel distance in km
per vehicle, H the hydrogen retail fuel price per kg (adjusted for fuel tax), CUt the variable hydrogen
production costs, M the fixed operational and maintenance costs per year expressed as a percentage of
the investment cost It (the construction costs of the fuel stations), CLt the average labor cost per year
and r the risk-adjusted discount rate.10Fig. 2 gives an overview of the input values of all parameters
of our cash flow model.11 To calculate hydrogen demand for fuel cell passenger vehicles, we assume
that each vehicle will use approximately 0.7 kg of hydrogen each day (CaFCP, 2008). For an average

10 The full structure of the cash flow model is graphically presented in Appendix B.
11 Where necessary, we use secondary sources to determine appropriate parameters for this case.
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Table 1
Project’s cash flows (in D million).

NPV (2010) NPV (2014) NPV (2024)

Total Investment Net CF Investment Net CF Investment Net CF

Phase I
(2010–2014)

−14.31 −12.52 −1.78

Phase II
(2014–2024)

−26.85 −19.12 −7.73 −26.01 −10.52

Phase III
(2024–2044)

−15.75 −29.02 13.27 −85.22 38.97

Total −56.90 −60.66 3.76

fuel cell vehicle with a fuel economy of 80–96 km/kg, this would accommodate about 56–64 km of
driving on an average day (Ogden, 1999b; CaFCP, 2008). During the full commercialization phase
with approximately 20,000 fuel cell vehicles on the roads, this corresponds to a total hydrogen fuel
demand of 5.11 × 106 kg per year. For hydrogen fuel to be competitive with fossil fuels, the literature
generally assumes a retail price of D 10/kg (van Benthem et al., 2006).12 Although hydrogen is much
cheaper produced from natural gas, the production process is always associated with the emission of
greenhouse gases and local pollutants (Haryanto et al., 2005). Sustainable hydrogen cost is initially
about D 5/kg, but due to technical learning, we assume it will decrease to a long-term production cost of
D 2/kg during the full commercialization phase (van Benthem et al., 2006). This includes all the relevant
expenses, for instance, transportation to the refilling station and carbon capture and storage (CCS) costs
if necessary. All the numbers in Fig. 2 are expressed in 2010 euros and are adjusted for inflation in
the cash flow calculations. For these computations, we  use a 25.5% marginal tax rate (KPMG, 2011),
an average Eurozone inflation rate of 2.24% (ECB, 2011), a 21.21% net working capital requirement
in a given year (as percentage of the sales) (Damodaran, 2011) and a straight-line depreciation over
the 20 year economic life of each station. We  use a risk adjusted discount rate of 8% for calculating
the NPV of the project cash flows.13Each stage also requires investments in the necessary amount
of hydrogen fuel stations in order to operate the fuel network. The cost of a hydrogen fuel station
depends upon many factors, including the type of station, location, equipment manufacturing volume
and continuing technology advancements. In the case study, we use the CGH2 fuel station type from
the HyWays project with a unit cost of approximately D 0.49 million. We  assume unit investment costs
can decrease over time as a result of economies of scale and learning. To reflect this, we specify the cost
function as 
(N) =  ̨ · N−b, where 
(N) is the investment cost of the Nth unit, b is a learning parameter
and  ̨ the investment cost of the first unit (D 0.49 million). The average investment cost to build N fuel
stations will therefore be equal to I = a ·

∫ N

1
N−bdN.  To simplify calculations, the construction costs

are assumed to occur at the beginning of each phase: D 12.52 million for the first phase in year 2010,
D 26.01 million for the second phase in 2014 and D 85.22 million for the third phase in 2024.

Table 1 gives a concise overview of the project’s cash flows.14 The construction costs in the subse-
quent phases strongly rise due to the increasing number of fueling stations to be built, from 30 in phase
I to 100 in phase II and 350 in phase III. The gradual reduction in the unit production costs only pro-
vides some moderation of the total investment required. Net operational cash flows remain negative in
phases I and II and only turn positive in phase III. Even phase III as a stand-alone project is unprofitable,
however. In NPV terms in 2024, required investment is D 85.22 million while expected net cash flows
from 2024 till 2044 – conditional on the available information in 2010 – only equal D 38.97 million.
We find a D −14.31 million NPV for phase I as a stand-alone project and a D −56.90 million NPV for the
entire three phase project. Based on an NPV framework, the project will be clearly rejected. Even the

12 We  take into account the regular fuel taxes in the Netherlands such as excise duty and VAT, which lowers the net retail
price  to D 4/kg.

13 This cost of capital corresponds to the 2010 sector averages of oil and gas distribution (7.19%), environmental (7.62%),
natural gas (8.07%), power (8.23%), automotive (8.58%) and chemical (8.88%). Numbers are taken from Damodaran (2011).

14 A more detailed overview of the cash flow calculations is available from the authors on request.
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pilot phase will not be started. That is, from an NPV point of view, no feasible business case exists for
the development of a hydrogen-based transportation system in the Netherlands, despite the societal
desirability of a more sustainable transportation system in the future. Put differently, according to our
computations a minimum government subsidy of D 14.31 million would be required for the pilot to
start.

The next section analyzes the same business case from a real option framework and will provide
additional insights into the flexibility of a phased investment project. It will show under what condi-
tions each phase will be terminated and under what conditions investment in the pilot phase will be
triggered.

4.3. Option valuation

We  start our real option valuation using the parameters from Fig. 2 that were also used for the NPV
computation. Investing in pilot phase I opens up the possibility for two  sequential follow-up phases
II and III. The option on this sequential option can be seen as an n-fold compound option (multi-stage
project valuation). A compound option model requires the input of the investment costs per phase
(I1, I2 and I3), the present value of the expected cash flows upon full-commercialization (V0), and an
estimate of the volatility of the project return ( �̃). As we  combine the compound option framework
with a barrier option, our model also requires the input of the barrier (B). In this section, we  propose
benchmark parameter values for B and �̃ as well as investigate to what extent variation in these
parameters influences the results.

As exemplified by Eq. (2), our model collapses market and technological uncertainty into one
volatility metric ( �̃). We  propose to use available market data to provide a plausible estimate of this
overall volatility. To this purpose, we select four listed small-cap firms and use the average of their
stock price volatility as a proxy for our project volatility. The chosen firms are Hydrogenics Corp, Bal-
lard Power Systems Inc., Fuel Cell Energy Inc and Plug Power Inc respectively.15 They have been selected
because (a) they are active in the segment of hydrogen fuel cells and hydrogen fuel stations, (b) they
are comparable in size to our project, (c) as small-caps their stock returns should reflect shocks to
their firm value more accurately than would be the case for larger, more diversified firms and (d)
their standard deviation in firm value should reflect the impact of both market and technological risk.
Based on the daily stock returns over the period 2005–2009, adjusted for dividends and stock splits,
we obtain an average annual project volatility of 66.75%, assuming 250 trading days per year.16,17

Finally, we need to determine the level of the barrier. Using a data set of 7,787 firm-years on a
diverse set of industrial firms, Brockman and Turtle (2003) find an implied barrier of about 70% for the
total sample. However, different barriers have been suggested in the literature. For example, firms with
high asset variability or high financial leverage can be expected to have a relatively high probability
of hitting the barrier before the expiration date of the real option. This reflects the different position
and trade-offs between debt-holders and shareholders. Debt-holders can have an incentive to enforce
bankruptcy of the project before the next phase or decision point has been reached. Wong and Choi
(2009) find that the median firm has a default barrier at around 74% of its liabilities. Given that project
companies have an average debt-to-total capitalization ratio of 70% (Esty, 2004), this would imply a
barrier of 51.8% in our application.

In our analysis, we therefore use both a 50% barrier and a 70% barrier B of the project value and
compare it to the benchmark no-barrier real option model. Using Table 1, the barriers then equal
6.64 million and D 9.29 million, respectively. If the project value drops below this value before reach-
ing the next phase investors will pull the plug and terminate the project. When we plug the above
parameters in our compound barrier option model, we obtain the results as presented in Table 2.

15 We  refer to Appendix C for more qualitative and quantitative details about these firms.
16 We  follow the approach of Damodaran (2011) and assume that the standard deviation of debt is one-third of the standard

deviation of equity and that the correlation between stock and bond prices is 0.30.
17 Compared to industry averages for 2010 our project volatility estimate is higher than the averages of oil and gas distribution

(37.77%), natural gas (38.29%), automotive (46.72%) and power (56.52%) and of similar magnitude as chemicals (66.53%) and
environmental (67.65%). See Damodaran (2011).
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Table 2
Project valuation for different barriers.

Scenario V0 Barrier NPV project NPV rule Value compound
option

Required
investment Phase I

Real option
rule

No barrier 13.27 0 −56.9 Reject 11.11 14.31 Reject
B  = 50%V0 13.27 6.64 −56.9 Reject 7.86 14.31 Reject
B  = 70%V0 13.27 9.29 −56.9 Reject 4.37 14.31 Reject

Legend: All numbers in million euros, except retail price. The pre-tax retail price equals D 10 in all scenarios.
The  corresponding after-tax retail price equals D 4. Project volatility is assumed to equal 66.75% on an annual basis.

All three option models reject the investment, similar to the NPV rule. However, while the NPV
rule shows a significant negative NPV value of D −56.9 million, the no-barrier option has a value of
D 11.11 million, short only about D 3 million of the acceptance threshold. Here, the threshold is equal
to the investment cost required for the pilot phase I of the project (D 14.31 million, see Table 1).18

Obviously, the follow-up potential of phases II and III is insufficient to justify investment in phase I.
The impact of imposing a barrier is also clear from the table. Imposing a 50% barrier reduces the

option value to D 7.86 million and a 70% barrier reduces it to D 4.37 million. The barrier makes the
project increasingly unattractive, corresponding to the higher likelihood of abrupt and permanent
knock-out. Applying Eq. (7), it follows straightforwardly that the probability of hitting the 50% barrier
prior to the full implementation phase equals 19% and of hitting the 70% barrier even 54%. With a
high probability of project default, the upside potential of phase II and III is too small to induce firms
to invest in the pilot phase necessary to develop a hydrogen fueling station network. Note that our
result confirms the general message in the literature that hydrogen as a sustainable transportation
mode needs government support for initial take-off (Schulte et al., 2004; Murthy Konda et al., 2011;
Van Soest, 2005).

Subsequently, we analyze to what extent financial government support may  turn the infrastruc-
ture project into a profitable business case, inducing firms to invest in the pilot phase. Naturally, the
government has many instruments at its disposal to provide stimulus to the private sector in starting
off the pilot phase of the project, such as for example providing a lump-sum subsidy, becoming a
subordinated investor in the project itself or granting various transitory or permanent tax exemptions
(Van Soest, 2005). Here, we limit ourselves for illustrative purposes to varying degrees of excise duty
discounts. Moreover, we assume the benefits of these discounts accrue to the producer rather than
the consumer as the consumer retail price is assumed to remain constant. Alternative scenarios are
possible.

In the base case of Table 2, a pre-tax retail price of D 10 per kg of hydrogen corresponded to an
after-tax retail price of D 4 per kg. The 60% fuel tax burden is of similar magnitude as of fossil fuel
and consists of a combination of excise duties and VAT. Under a similar fuel tax regime as fossil fuel
both the NPV and the real option model reject investment in the infrastructure project. We  consider
discounts of 25, 50, 75 and 100% of the excise duties on fuel. In Table 3, we  demonstrate the effect of
these discounts on the attractiveness of the project. Note that both V0 and the required investment
in phase I depend on the tax regime. In the latter case, this results from the fact that we  add the
operational cash flows from phase I to the investment cost for simplicity. With lower taxes, these cash
flows become slightly less negative and thus reduce the required investment in phase I.

The differences between the NPV framework and the three real option model become quite evident
now: under the NPV rule, the project only turns profitable when no excise duty is imposed at all. The
real option framework shows a more favorable trade-off. Without a barrier, a 25% discount is quite
sufficient to make investment in the pilot phase attractive. If the barrier equals 50%, the project is still
rejected at a 25% excise discount, but easily accepted at a 50% discount. Finally, with a 70% barrier,
a 50% discount is not sufficient but a 75% is. Overall, the computations suggest tax incentives can be
structured in a way to sufficiently support the development of a hydrogen infrastructure.

18 In our real option computations, we add the NPV of negative operational cash flows in phases I and II to the required
investment at the start of each phase for simplicity.
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Table 3
Project valuation with fiscal subsidy (discount on excise duties).

Tax scenario After-tax
retail price

V0 Barrier NPV
project

NPV rule Option
value

Required
investment
Phase I

Real option
rule

No barrier
25% discount 5.1 26.38 0 −39.8 Reject 23.25 13.92 Accept I
50%  discount 6.2 39.50 0 −22.6 Reject 35.66 13.53 Accept I
75%  discount 7.3 52.61 0 −5.5 Reject 48.20 13.13 Accept I
100%  discount 8.4 65.73 0 +11.7 Accept 60.84 12.74 Accept I

50%  barrier
25% discount 5.1 26.38 13.19 −39.8 Reject 11.30 13.92 Reject
50% discount 6.2 39.50 19.75 −22.6 Reject 16.26 13.53 Accept I
75%  discount 7.3 52.61 26.31 −5.5 Reject 24.05 13.13 Accept I
100%  discount 8.4 65.73 32.87 +11.7 Accept 40.94 12.74 Accept I

70%  barrier
25% discount 5.1 26.38 18.47 −39.8 Reject 8.79 13.92 Reject
50% discount 6.2 39.50 27.65 −22.6 Reject 12.27 13.53 Reject
75% discount 7.3 52.61 36.83 −5.5 Reject 17.73 13.13 Accept I
100%  discount 8.4 65.73 46.01 +11.7 Accept 28.63 12.74 Accept I

Legend: All numbers in million euros, except retail price. The pre-tax retail price equals D 10 in all scenarios. Project volatility
is  assumed to equal 66.75% on an annual basis.

Finally, we turn to the role of project volatility. Generally, in standard real option models higher
volatility implies a higher option value as the probability of ending in the money increases. However,
in the case of a barrier there is a countervailing force: higher volatility raises the probability of hitting
the barrier and seeing the project fail permanently. Fig. 3 demonstrates the effect of different project
volatilities on the compound option value for barrier levels B of 50% and 70%, respectively, compared
to the no barrier benchmark case. Generally the lower the barrier and the lower the project volatility
the stronger the positive link between project volatility and option value. In the range of plausible
project volatilities, the negative effect of hitting the barrier roughly offsets the positive effect of higher

Fig. 3. Effect barrier level on option value and total volatility.
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potential values. Overall option values appear relatively insensitive to changes in project volatility in
this range.

5. Market feedback and real-world implications

The main result of our case study is that hydrogen infrastructure investments may  not pay off
without any commitment of governmental schemes. To assess the degree of realism of our find-
ings, we confront them with business practitioners’ expectations. To this purpose, we  reached out
to the business community by means of a small-scale survey targeted at investors, business persons,
engineering people and governmental agency officials. Our sample of practitioners was constructed
through a structured search on the social media website LinkedIn by searching people on keywords
‘hydrogen’, ‘fuel cells’, ‘renewable energy’ and ‘sustainable energy’. We  distributed our study to 63
target persons and asked them to answer three questions related to our findings. The three questions
had a closed format and used a five-point Lickert scale. We  communicated to the target persons that
we will not report individualized and identifiable answers, but only aggregate results. We  also asked
for their personal opinion, not for the official viewpoint of the organization they are working for, in
order to avoid strategic answers. The response rate was about 40%. While we do not want to claim
formal representativeness of the survey, the response rate seems sufficient to at least provide some
suggestive evidence on the realism of our analysis.

First, we asked practitioners’ feedback on the statement:

“In order for a hydrogen infrastructure network to take off in the next 5–10 years, significant
governmental support is needed.”

The overwhelming majority of the respondents agrees (25%) or strongly agrees (67%) with this
statement for the need of significant government support (see Fig. 4). This outcome is consistent
with our case study finding that investment in a network of hydrogen fuelling stations is unprofit-
able without serious governmental commitment. The business community seems to strongly call for
governmental support as they do not see private investors committing significant resources to such
infrastructure projects.

Next, we  put the following statement to our survey participants:

“When the government would decide to stimulate the use of hydrogen as a car fuel through a discount
on the excise duty, what is the amount of discount needed to induce?”

Fig. 4. Market feedback on government intervention. Question: In order for a hydrogen infrastructure network to take off in the
next  5–10 years, significant governmental support is needed. Legend: Survey among 63 practitioners in business, engineering
and  government agencies conducted in January and February 2015. Response rate amounts to 39.7%.
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Fig. 5. Market feedback on excise duty discount. Question: When the government would decide to stimulate the use of hydrogen
as  a car fuel through a discount on the excise duty, what is the amount of discount needed to induce? Legend: Survey among
63  practitioners in business, engineering and government agencies conducted in January and February 2015. Response rate
amounts to 39.7%.

Again the large majority of the respondents (76%) calls for substantial discounts on excise duties
(see Fig. 5). Twenty-four percent deems a discount up to 50% necessary for hydrogen projects to
become profitable, 19% expects a discount up to 75% to be crucial to stimulate private investment,
while one third of the respondents calls to fully waive all excise duties. The survey results confirm
the case study findings which showed that a 50% to 75% discount was  needed to turn the hydrogen
infrastructure project profitable.19

Finally, we asked for a direct confrontation of our findings with those of the respondents. To give
the participants with a good view of our results as well as the approach used to obtain them, we
provided them with a short management summary and then asked the following question20:

“If you compare our expectations on the profitability of hydrogen infrastructures with your expert
opinion on market developments in the hydrogen sector, our estimates are . . .”

The distribution of survey answers appears neatly centered around our case estimates (see Fig. 6).
The largest group of respondents (35%) considers our estimates quite accurate. 35% considers our
estimates slightly or significantly more optimistic, while another 31% considers our estimates slightly
to significantly more pessimistic. Obviously, quite some heterogeneity exists in practitioners’ expec-
tations on market developments, probably showing the large degree of uncertainty. However, it is
comforting to see that our findings are actually quite close to the median view. In a follow-up with a
few respondents, one respondent felt that our “long term hydrogen production cost is too optimistic in
my view. Something like 5–7 euros would be more realistic.” Such an assumption would clearly raise
the project’s cost structure rendering the project even more loss-making. Another respondent was
more optimistic about the number of hydrogen cars per station which would increase the incoming
cash flows of the project. A third respondent synthesized both views by stating that “some estimates

19 In a follow-up conversation with one respondent, he or she indicated that a discount on excise duties alone would be
insufficient and he or she called for direct government subsidies in the construction cost of the fuelling stations. The respondent
argued that “at this moment a first network of a dozen of stations is constructed in California with a government subsidy of
about 85% of the initial investment costs.”

20 This summary stated: “Our case study is built upon the Hyways scenario and assumes three phases (pre-commercialization
–  5 years; early commercialization – 10 years and full commercialization – 20 years). We assume 30, 100 and 350 fuel stations
respectively for each phase. We furthermore assume a retail price of 10 euro per kg and a long-term production cost of 2 euro
per  kg. Under these assumptions we find that the entire project is loss-making. Only with significant reductions in the level of
excise duties, the project becomes profitable”. Respondents were also provided the full paper.
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Fig. 6. Market feedback on modeling assumptions and outcomes. Question: If you compare our expectations on the profitability
of  hydrogen infrastructures with your expert opinion on market developments in the hydrogen sector, our estimates are. . .
Legend:  Survey among 63 practitioners in business, engineering and government agencies conducted in January and February
2015. Response rate amounts to 39.7%.

could indeed turn out to be more optimistic in reality, while some would be more pessimistic”, but
“overall, one could say that one ends up in the middle again and that the case study’s estimate are
quite accurate”.

6. Conclusion

In this paper, we contribute to the literature by including a knock-out barrier option in an n-fold
compound real option model to take account of immediate project failure in a multistage investment
context. The barrier is defined as a minimum constraint which the investor is not willing to fall short
of. While barrier options have become quite common in the financial option theory, applications of
barrier-type options in a real investment setting are nonexistent so far. In our view, the possibility
of sudden failure in large infrastructural investment projects or in the development of innovative
technologies should be taken quite seriously. Inappropriately ignoring the possibility of sudden failure
can have large and adverse consequences for investment decision making. While NPV computations
may undervalue uncertain investment projects and unduly lead to project rejection, real option models
that fail to account for the real-life possibility of intermediate project failure may  lead to overvaluation
and undue acceptance. Earlier attempts to deal with such phenomena use a Poisson process reflecting
the probability that the project value jumps to zero or discrete failure probabilities at each stage of a
compound option framework. We  provide an alternative barrier approach to cope with this type of
situations, which is both more realistic, as it does not depend on the occurrence of a catastrophe, and
more elegant as, it allows for a closed-form solution.

We apply the model to the case of hydrogen infrastructure development. Despite the theoret-
ical attraction of a zero-emission hydrogen energy economy, the development of a new hydrogen
energy infrastructure is often seen as an insurmountable technical and economic obstacle to the use
of hydrogen as an energy carrier. A future hydrogen transition relies on strategic planning and nec-
essary investments: energy, economic and environmental analyses must be undertaken in concert
with research in improved production, storage, and distribution technologies. To assist the transi-
tion, an adequate valuation approach is vital. Indeed, commercializing a new technology requires a
revolutionary change from technological and market aspects; one might not anticipate the best path
forward from the very beginning. No amount of planning and research can be trusted to reveal all
contingencies and contingent probabilities from the start. For this reason, the use of a compound real
option model where new information along the development path allows for reconsideration and
reassessment is an attractive approach. Including an additional barrier option to reflect the possibility
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of project failure is appropriate in our view. However, it also makes valuation more complex as the
project (option) value becomes path-dependent. Moreover, the extra boundary condition reduces the
project value below that of the no-barrier benchmark option. As such, decision making becomes more
conservative and more often leads to rejection.

In our case study, we use a number of different external sources to set the parameters in the model.
Subsequently, we compute the project value for the hydrogen infrastructure project in the case of a
barrier of 50 and 70% respectively of the NPV of the project cash flows in the full commercialization
phase and benchmark it against valuation through an NPV model and a no-barrier real compound
option model. We  find that even for the least conservative valuation method, the no-barrier option
model, no profitable business case can be made for the development of hydrogen as a sustainable
transportation mode. This is consistent with earlier literature. Note though that all three real option
models are much closer to the acceptance threshold imposed by the first phase investment costs than
the NPV valuation. Subsequently, we provide some suggestive scenarios that plausible tax schedules
can be designed to overcome the starting problems for hydrogen infrastructure development. A 25%
excise duty discount is sufficient for a positive decision in the no-barrier framework. For the 50%
barrier, one needs a discount between 25 and 50%, and for the 70% barrier a tax discount of somewhat
over 50%.

Finally, we confront our findings with the expectations from practitioners in the business world. The
survey results are consistent with our case study findings. Practitioners strongly call for governmental
support in order for hydrogen infrastructure investments to have any viability. The large majority of
the respondents also calls for large discounts on excise duties in line with our numerical simulations.
To the extent that sudden project failure would be predominantly caused by potential reversals in
political support, a cheap way to make the development of hydrogen infrastructure – and other similar
projects – more attractive would be to design credible long-term political commitments to this type
of development.

Appendix A.

Let W� be a standard Brownian motion. If we consider a function f(x + W�), then from Ito’s lemma:

df (x + W�) = ∂f (x + W�)
∂W�

dW� + 1
2

∂2
f (x + W�)

∂W�
2

d� (A.1)

If we integrate this equation with respect to � then we  obtain:

f (x + W�) = f (x) +
�∫
0

∂f (x + Ws)
∂Ws

dWs + 1
2

�∫
0

∂2
f (x + Ws)

∂Ws
2

ds (A.2)

Take an expectation on each side of the equation. Stochastic integral vanishes due to martingale
property, and then we obtain:

E[f (x + W�)] = f (x) + 1
2

�∫
0

∂2
E[f (x + Ws)]

∂x2
ds (A.3)

Now we define the function

A(�, x) = E[f (x + W�)] (A.4)

Differentiating with respect to �, we see that A(�, x) satisfies the diffusion equation

∂
∂�

A(�, x) = 1
2

�2 ∂2

∂x2
A(�, x) (A.5)

and subject to the initial condition A(0, x) = f(x), for fixed �, the random variable becomes
W�∼N(0, �

√
�). We  can therefore rewrite the solution (A.4) as A(�, x) = E[f (x + �

√
�Z)], where Z is

a standard N(0, 1) random variable.
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Explicitly writing out the expectation we have:

A(�, x) = 1√
2�

∫ ∞

−∞
f (x + �

√
�	)e−(1/2)	2

d	 (A.6)

Following by the next step, the multi-dimensional Ito rule is a straight-forward generalization of the
one-dimensional case. If C(t, V) is the value of a derivative at time t which expires at time T, Eq. (2)
must also satisfy the partial differential equation:

∂C(t, V)
∂t

= rC(t, V) − rV
∂C(t, V)

∂V
− 1

2
�̃2V2 ∂2

C(t, V)
∂V2

(A.7)

Now in order to reduce the above PDE to the diffusion equation, we  will make a series of sophisticated
transformations. Set C(t, V) = ˛(�, V), where � = T − t is a new time coordinate which still runs over the
same interval [0, T] as t, but in the opposite direction. We need to reverse the direction of time, so that
the terminal payout of the option becomes the initial condition for the diffusion equation. The time
derivatives of C(t, V) and ˛(�, V) are related by

∂C

∂t
= −∂˛

∂�
(A.8)

while all the other derivatives remain the same. Hence the

∂˛

∂�
= 1

2
�̃2V2 ∂2

˛

∂V2
− r  ̨ + rV

∂˛

∂V
(A.9)

This equation now has the “right” sign for the time derivative, and has the initial condition

˛(0, VT ) = C(T, VT )

= F(T, VT )
(A.10)

We  now want to eliminate the r  ̨ term. We  can do this by introducing a “discount factor” e−r� explicitly
into the equation. Set ˛(�, V) = ˇ(�, V)e−r� . The time derivative is then

∂˛

∂�
=
(

∂ˇ

∂�
− rˇ

)
e−r� (A.11)

and hence Eq. (A.11) can be written as

∂ˇ

∂�
= 1

2
�̃2V2 ∂2

ˇ

∂V2
+ rV

∂ˇ

∂V
(A.12)

To proceed further, we want to write the equation in terms of the operator V∂/∂V. This can be easily
accomplished by rearranging the second order term,

∂ˇ

∂�
= 1

2
�̃2V

∂
∂V

(
V

∂ˇ

∂V

)
+
(

r − 1
2

�̃2
)

V
∂ˇ

∂V
(A.13)

We  can simplify the operator V∂/∂V by defining the new variable Y = ln V, and noting that

V
∂

∂V
= ∂

∂Y
(A.14)

If we then introduce the new function �(�, Y) = ˇ(�, V), we see that the differential Eq. (A.13) becomes

∂�

∂�
= 1

2
�̃2 ∂2

�

∂Y2
+
(

r − 1
2

�̃2
) ∂�

∂Y
(A.15)

Define X = Y + (r − (1/2) �̃2)�, and set A(�, X) = �(�, Y). The partial derivative of � with respect to �
is then given by

∂�

∂�
= ∂A

∂�
+ ∂A

∂X

∂X

∂�
(A.16)
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= ∂A

∂�
+ ∂A

∂X

(
r − 1

2
�̃2
)

(A.17)

In this way, we obtain the diffusion equation identical to Eq. (A.5)Now we would like to solve the
option price C(t, Vt) subject to the terminal condition

C(T, VT ) = F(VT ) (A.18)

where F(VT) is a prescribed function, that is, the payoff function of the derivative. As noted earlier, t = T
corresponds to � = 0, which is why the terminal payoff function of the derivative is actually an initial
condition for A(�, x). If we follow through the various transformations made above, then we  see that
the relation between C(t, Vt) and A(�, x) is

C(T, VT ) = ˛(T − t, Vt) (A.19)

= ˇ(T − t, Vt)e−r(T−t) (A.20)

= �(T − t, log Vt)e−r(T−t) (A.21)

= A(T − t, log Vt +
[

r − �2

2

]
[T − t])e−r(T−t) (A.22)

In particular the derivative payoff function can be written as

F(VT ) = C(T, VT ) (A.23)

= A(0, log VT ) (A.24)

Hence the initial condition on A(�, x) at � = 0 is

A(0, x) = F(ex) (A.25)

without the barrier, a call option has

A(0, x) = max  (0,  ex − I) (A.26)

Applied Eq. (A.6) for the solution of the diffusion equation with the initial condition A(0, x) = F(ex),

A(�, x) = 1√
2�

∫ ∞

−∞
F(ex+�

√
�	)e−(1/2)	2

d	 (A.27)

Using this value of A(�, x) and the transformation (A.22) we can then write the option price as

C ′(t, V) = A(T − t, log Vt +
[

r − �2

2

]
[T − t])e−r(T−t) (A.28)

= e−r(T−t)
√

2�

∫ ∞

−∞
F(Vte

r(T−t)+�
√

�	−(1/2)�2�)e−(1/2)	2
d	 (A.29)

Taking into the down-and-out barrier B, the payoff C′(t, V) is zero for all V below the strike I; this
translates into for V < log(I/B). We  set the barrier below the strike to ensure that log(I/B) > 0.

Let V = Bex and k = r
1
2 �2

(A.30)

Barrier option value can be written as C(t, V) = B · e−(1/2)(k−1)−(1/4)(k+1)2�U(t, x)
In these new variables the barrier transforms to the point x = 0, and the barrier option problem

becomes

∂U

∂�
= ∂2

U

∂x2
(A.31)

with U(0, x) = max(e[(1/2)(k+1)x] − eexp [(1/2)(k−1)x], 0), for x > 0, with U(0, t) = 0.
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We  can now put the pieces together to show that the barrier option value is

C(t, V) = VN(d1) − I · e−r(T−t)N(d2) − V ·
(

B

V

)k+1
N(d3) + I · e−r(T−t)

(
B

V

)k−1
N(d4) (A.32)

which corresponds to Eq. (9) in the text.

Appendix B. Structure of the cash flow model

Revenues 

Operating expenses  

Operating and
maintenance cost 

Labor costs  

Gross profit 

Taxes  

Net profit 

Tax shield depr. 

Investment in NWC 

Operating cash flow 

Average consumption
of H2 per FCV

Expected 
number of FCV

Retail fuel price

Average consumption
of H2 per FCV

Expected 
number of FCV

Production cost
(incl. CO2 or CCS)

Investment cost

Operating and
Maintenance

coefficient

Labor market
conditions

Average travel distance 

Fuel efficiency 

Available FCV models 

Excise duty

VAT 

Price of fossil fuel 

Efficiency

Transportation cost 

CO2 or CCS cost 

X

X

X

X

X

minus

minus

minus

=

Tax rate

minus

=

Inflation 

Project life time

Construction costs

=

minus

plus

Net profit 

minus

NWC/Sales ratio

Depreciation 
tax scheme

Learning curve 
effects

Economies of scale

Technical risk

Market risk

Legend:
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Appendix C. Company descriptions of a set of comparable firms

Hydrogenics Corporation designs, develops, and manufactures hydrogen generation products
based on water electrolysis technology and fuel cell products based on proton exchange membrane
technology in Canada and internationally. The company’s OnSite Generation segment develops and
sells products for industrial gas, hydrogen fueling, and renewable energy storage markets. This seg-
ment’s product line comprises HySTAT Hydrogen Stations that provide on-site supply of hydrogen
for various hydrogen applications, including vehicle fueling, distributed power, and various industrial
processes; and provides spare parts and services. Its Power Systems segment develops products for
stationary and motive power applications. This segment’s product line consists of HyPM fuel cell prod-
ucts, such as HyPM fuel cell power modules, HyPXTM fuel cell power pack, and integrated fuel cell
systems; and offers engineering development services. The company serves industrial gas companies,
industrial end users, oil and gas companies, and utilities, as well as original equipment manufacturers,
systems integrators, and end users. It offers its products through direct sales force, as well as through
a network of distributors. Hydrogenics Corporation was  founded in 1988 and is headquartered in
Mississauga, Canada.

Ballard Power Systems Inc. engages in the design, development, manufacture, sale, and service
of fuel cell products for motive and stationary power markets primarily in the United States,
Canada, the United Kingdom, and Germany. It operates in three segments: Fuel Cell Products,
Contract Automotive, and Material Products. The Fuel Cell Products segment provides fuel cell
products and services for material handling and bus, back-up power, supplemental power, and
distributed generation applications. The Contract Automotive segment provides contract technical
and manufacturing, testing, and other engineering services. The Material Products segment pro-
vides carbon fiber material products principally for automotive applications and gas diffusion layer
material for fuel cell products. Ballard Power has strategic partnerships with Dantherm Power A/S,
which develops clean energy backup power through utilization of the company’s hydrogen fuel cell
technology; and Automotive Fuel Cell Cooperation Corp. that develops fuel cell products for the
automotive fuel cell market. The company was founded in 1979 and is headquartered in Burnaby,
Canada.

FuelCell Energy, Inc., together with its subsidiaries, engages in the development, manufacturing,
and sale of high temperature fuel cells for clean electric power generation primarily in South Korea, the
United States, Germany, Canada, and Japan. The company offers proprietary carbonate Direct FuelCell
Power Plants that electrochemically produce electricity from hydrocarbon fuels, such as natural gas
and biogas. Its fuel cells operate on a range of hydrocarbon fuels, including natural gas, renewable
biogas, propane, methanol, coal gas, and coal mine methane. The company also develops carbonate fuel
cells, planar solid oxide fuel cell technology, and other fuel cell technologies. It provides its products to
universities; manufacturers; mission critical institutions, such as correction facilities and government
installations; hotels; and natural gas letdown stations, as well as to customers who use renewable
biogas for fuel, including municipal water treatment facilities, breweries, and food processors. The
company was founded in 1969 and is headquartered in Danbury, Connecticut.

Plug Power Inc., an alternative energy technology provider, involves in the design, develop-
ment, commercialization, and manufacture of fuel cell systems for the industrial off-road markets
and stationary power markets worldwide. It develops and sells a range of fuel cell systems com-
prising hydrogen-fueled Proton Exchange Membrane (PEM) systems. The company’s product line
includes PEM GenDrive power unit for sale on commercial terms for industrial off-road consisting of
forklift or material handling applications, with a focus on multi-shift high volume manufacturing
and high throughput distribution sites. It sells its products to business, industrial, and govern-
ment customers through direct product sales force, original equipment manufacturers, and their
dealer networks. The company was founded in 1997 and is headquartered in Latham, New York
(Table C1).

Source:  Yahoo! Finance (2011).
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Table C1
Stylized corporate statistics.

Company Hydrogenics Corp. Ballard Power Systems Inc. FuelCell Energy, Inc. Plug Power Inc.

Trading venue NASDAQ NASDAQ NASDAQ NASDAQ
Ticker code HYGS BLDP FCEL PLUG
Market capitalizationa $37.53 million $113.92 million $128.66 million $43.52 million
Long-term debtb $0 million $27,090 million $12,411 million $0 million
Equityb $17,626 million $128,288 million $8.350 million $42,913 million
Number of employeesa 114 440 441 133

Legend: a As of October 2011, b As of Fiscal Year 2010. Source: Yahoo! Finance (2011).
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