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Abstract

During the last 30 years the number of disaster has signifi-
cantly increased. Hence, disaster risk is a growing threat for de-
velopment and infrastructure projects. Disasters are large events
with a high uncertainty concerning the frequency of occurrence
and size of effect. Since such events can have a major impact on
effected people or the success of a infrastructure or development
project these events need to be studied more intensively. Cost
Benefit Analysis (CBA) has been developed as an instrument for
project evaluation of public projects. While cost benefit analy-
sis under certainty is well established, the evaluation of disasters
or large uncertain events on long term projects has not jet been
developed. Therefore, this paper provides a theoretical concept
to evaluate disastrous uncertainties in project planning. With a
stochastic Ito-Levi Jump process we model large uncertainties,
both in terms of the occurrence of events and the size of impact,
and include these events in the framework of costs benefit project
evaluation. As a result we can determine how the frequency or
the size of disasters affects the value of a project.
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more intensively. Cost Benefit Analysis (CBA) has been developed as an
instrument for project evaluation of public projects. While cost benefit
analysis under certainty is well established, the evaluation of disasters or
large uncertain events on long term projects has not jet been developed.
Therefore, this paper provides a theoretical concept to evaluate disas-
trous uncertainties in project planning. With a stochastic Ito-Levi Jump
process we model large uncertainties, both in terms of the occurrence of
events and the size of impact, and include these events in the framework
of costs benefit project evaluation. As a result we can determine how
the frequency or the size of disasters affects the value of a project.
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1 Introduction

The observed increase in disasters and disaster risk is becoming a focus
of professional interest in economic modelling. The socially and econom-
ically large impacts associated with disasters have caused significant at-
tention of decision-makers faced with risky investment projects. Despite
the recent sudden discussion on the role of disasters, little progress has
been made once the stochastic nature of disasters is accounted for in
infrastructure and development projects.

Cost Benefit Analysis (CBA) was developed as a standard tool for
project evaluation of public projects. In particular infrastructure and
development projects were evaluated by applying the tool box of CBA
methodology. While CBA under certainty is well developed, we find
only few articles discussing the effects of uncertainty' or even more of
uncertain disasters on the value of long term projects.

For practical purposes the problem of accounting for disaster risks is
well identified. According to the Natural Resource Council (1985) ex-
treme events are more frequent than expected by a normal distribution.
Morimoto and Hope (2004) attempt to incorporate this when proposing
a valuation method based on a CBA framework of the world’s largest
hydro project: the Three Gorges Project (TGP) in China. For evalu-
ating disaster risk, their approach would require obtaining probability
distributions on disaster events to generate probabilistic distributions of
the project outcomes. Instead Morimoto and Hope (2004) rely on Monte
Carlo simulations for computing the probability distributions.

There are also major concerns that CBA is not able to adequately
evaluate large uncertain events and disaster risk. In the context of cli-
mate change Jéger et al. (1998) believe CBA to be inferior to other risk
management strategies due to the difficulties linked with the quantifica-
tion of external costs of climate change. For a special class of disaster
risk, coined mega-catastrophes, Van der Bergh (2004) question the ap-
propriateness of cost-benefit analysis. Lave and Apt (2006) defend the
implementation of CBA by including disaster risk in a CBA framework
to examine the risks and management of natural disasters. Despite their
specific question of flooding risk, their study can be seen as a benchmark
for the inclusion of disaster risk into CBA-based frameworks and leaves
further suggestions up for discussion. In the qualitative assessment of

'See cf Graham (1981) for including risk in CBA. The conceptual distinction
between “risk” and “uncertainty” dates back to the early contribution of Knight
(1921) and Keynes (1921). Vercelli (1991) defines “risk” as a weak-form of uncertainty
where probabilistic distribution of the possible states-of-nature exists as opposed to
“uncertainty” where a lack of reliable classification of criteria prevents the assignment
of probabilities to the different states.
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disaster risk mitigation of Kousky et al. (2010), the implementation of
CBA for catastrophe risk is likewise supported. Despite acknowledging
the challenges with using traditional CBA based frameworks for mega-
catastrophes they argue other rational choice methods to be inferior to
CBA. Since the qualitative assessment in Kousky et al. (2010) provides
no formal model it promotes further investigation into the modelling of
disaster risk with CBA.

Apart from CBA few other approaches try to include disasters into
their framework. Haurie and Moresino (2006) approach the task of mod-
elling the occurrence of an environmental catastrophe by framing the
problem of resource allocation under uncertainty in a macroeconomic
model. Whereby it should be noted that the incorporation of expected
costs of their model into a global welfare optimization scheme follows
the general philosophy of CBA.>

The diffusion of disaster risk evaluation has largely taken place in an-
other strand of literature which approaches the task of modelling disaster
effects with the evaluation of catastrophe-linked financial instruments
for insurance issuance purposes. The motivation for this strand of liter-
ature hinges upon the large fluctuations in the price and availability of
reinsurance and catastrophe-linked hedging instruments that arise from
catastrophic events. Hence there is the grown interest in disaster risk
modeling in the insurance field with contributions such as Kunreuther,
H. (1996) and Kleindorfer and Kunreuther (1999). Crucial for the eval-
uation of financial instruments is to model the dynamics of yields. Cox,
Fairchild and Pederson (2004) follow the classical approach?® to derive a
pricing formula for a catastrophe equity put options (CatEPuts?) by as-
suming that share prices follow a geometric Brownian motion. To model
discontinuities in the share price upon which the put option is written on,
Cox, Fairchild and Peterson (2004) include downward jumps modelled
by a multiple Poisson processes in the event of a catastrophe, though the
uncertain size of the catastrophe on the effect of the instrument price
is not modelled. Jaimungal and Wang (2006) extend their model and

2The aim of the paper is to determine the optimal capital accumulation path in
the event of an uncontrolled environmental catastrophe the occurrence of which is
described by a Poisson process with a given intensity. Besides the limitations of a
Poisson process to model the size of the catastrophe, no unique solution is provided
to the theoretical model. Instead numerical experiments are used to explore the
model responses. The above cited literature highlights the limited applicability of
investment decision-rules based on classical cost-benefit analysis for the modelling of
investment projects under risk and especially under disaster risk.

3This approach was most prominently started by Black and Scholes (1973) .

4CatEputs give the owner the right to sell a specified amount of risk of its stock
at the strike price if CAT losses surpass a specified trigger.
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use a compound Poisson process which models random jumps in both
directions of a random size, as a generator of losses to analyze the pricing
and hedging of CatEPuts under stochastic interest rates. Their use of a
jump-diffusion process similar to the compound Poisson process models
the underlying asset prices, however the effects of the stochastic interest
rates and variances on the price of the CatEPut are conducted numeri-
cally. Chang, Lin and Yu (2006) empirically show smaller pricing errors
for a specific class of CatEPuts whose catastrophe process are assumed
to follow a Markov Modulated Poisson process (MMPP)® with changing
intensities as opposed to a compound Poisson process. The advantage of
a MMPP over classical Poisson processes is claimed to be the departure
from a constant (average) intensity rate of the process. The above cited
literature shows the diffusion of a variety of Jump processes for the mod-
elling of catastrophe dynamics. Bertoin (1998); Sato (1999); Duffie et
al. (2000); Barndorff-Nielsen et al. (2001); Carr et al. (2003); Cont and
Tankov (2004) and Kou and Wang (2004) are among other papers that
contribute to this list with the use of Lévy processes and jump diffusion
processes to model market fluctuations in finance. The applicability of
Lévy processes in other fields such as insurance with both constant and
stochastic interest rates can be found in Jang, J., (2007) and Yang, H.
and Zhang, L. (2005).

However, although there is a vast discussion of disasters and their
effects there is still no formal evaluation method that allows for a cost
benefit examination of investment projects including the risk of disasters
and their effect. Therefore, this paper provides a theoretical concept to
evaluate disastrous uncertainties in project planning. In the first part
we discuss the importance of disasters and justify that they should be
taken into account. In the second part we propose several stochastic
processes that may help to model disasters with special characteristics.
After a discussion of the advantages and drawbacks of each process we
extend the modelling that finally ends up in an Ito-Lévy jump diffusion
which allows for the most general analysis of non-systematic risk. In the
third part we show how to include Ito-Lévy jump diffusion into the CBA
or more precisely the net present value method. Finally we analyze the
effects of disasters on investments in public projects.

5The MMPP stands for a doubly stochastic Poisson process where the underlying
state is governed by a homogeneous Markov chain (see Last and Brandt, 1995). For
the application of MMPPs in different fields see Stern and Coe (1984), Ramesch
(1998), Davidson and Ramesch (1996), Oliver and Walrand (1994)
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Figure 1: Technological and natural disasters reported 1975 - 2010

2 Exposure to Disasters and Disaster Risk

When evaluating development projects and infrastructure projects, why
are we interested in evaluating disasters? Figure 1 suggests that at a
global scale the number of natural disasters and technical disasters has
increased since the 1970s. After a period of about 30 years it can be
seen that the number of technical disasters is nearly five times higher
and for natural disasters even 9 times higher.

However, for the current discussion more important seems the fact
that not just the number of disasters increased but also the number of
effected people. A reported in 2 this relationship can especially be seen
for natural disasters. However, the decreasing number of affected people
due to technological disasters cannot be found. Increasing security norms
and technical improvement lead to a decrease instead.

Another way of looking at the effects of such disasters is the caused
damage. Figure 3 present data. The trend line in these figures indicate
that we have to observe an increase in these damages. Although the evo-
lution of caused damage due to natural disasters is obvious the increas-
ing structure for technological disasters is surprising when remembering
their decreasing number. However, we can see that less technological
cause more damage so that their role should not be undervalued.
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Figure 2: Number of people reported affected by technological and nat-
ural disasters 1975 - 2010
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Figure 3: Estimated damage (US$ billion) caused by reported techno-
logical and natural disasters 1975 - 2010
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Figure 4: WorldRiskIndex as the result of exposure and vulnerability

A first attempt to measure and indicate the overall disaster risk has
been made by the UNU EHS World Risk Report 2011. Even if the
concept suggested in this report is not perfect, the report gives a start
for thinking about the exposure and effects of large disasters on human
conditions. The over picture of "being effected by disastrous risk" is
given in figure 4.

3 Project Evaluation using Stochastic Processes

Natural and technological disasters and other major uncertain events are
an increasingly important component of economic activities in particular
in the context of development and infrastructure projects. These non-
systematic risks are so important so that an adequate instrument for
evaluation is needed. In investment theory systematic risk, in the course
of time, is introduced by dynamic stochastic processes, most often by
Brownian motions. However, in the current context, non-systematic
risk and uncertain large events like disasters need to be accounted for.
Therefore, we extend this existing literature by introducing Ito-Lévy
Jump diffusion processes to set a framework for evaluating the effects
of such uncertain disasters and their potential damage in the context of
development and infrastructure project evaluation. To do this we first
discuss a stochastic process like a Brownian motion as benchmark and
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show that this benchmark is close to the existing well studied approaches.
Second, we introduce Ito-Lévy Jump diffusion processes to suggest a
consistent theoretical framework to take care of uncertain large events
which seem to become increasingly important in particular in developing
countries.

3.1 Geometric Brownian Motion

The geometric Brownian motion is one of the most famous stochastic
processes for modeling prices or values of derivatives. In CBA the evo-
lution of benefits Y of a project can be characterized by the following
stochastic differential equation

dY = aYdt + oY dW with Y (0) = Y,

where @ and o are non-negative constants and dWW describes the incre-
ment of the standard Wiener Process. The differential equation defines a
stochastic process with continuous trajectories. According to definition
of the geometric Brownian motion it is possible to describe movements
of values, e.g. prices, that have a trend but also a stochastic and small
fluctuation.

An example of such a path is plotted in figure (5)
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Figure 5: Path of the geometric Brownian motion

For a positive « the curve is increasing in average and its expectation
value is an increasing function

EY (t) = EY(0)e™,

plotted as the black curve in figure (5). Furthermore, the higher the
constant o, also referred as the volatility of a stochastic process, the more
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the process fluctuates around its expected value EY(t). With o = 0
the stochastic differential equation simplifies to an ordinary differential
equation
dY = aYdt with Y(0) =Y,
with the following solution
Y(t) =Y (0)e™.

The geometric Brownian motion became very famous in the option
valuation approach by Black and Scholes (1973). In their model they
assume stochastic prices for underlying financial assets, which follow for
the geometric Brownian motion. Hence, this form is leading to a log-
normal distribution of the rates of the return. As a key result of their
paper, they are able to derive the optimal price of the corresponding call
and put options.

Although their approach was a benchmark in the valuation frame-
work it has some disadvantages. Merton (1975) criticizes their model
due to the continuity of the price movement. According to his argumen-
tation stock prices can never be represented by continuous stochastic
processes because incoming important news can lead to an immediate
non-marginal upward or downward movement of the prices. In addition,
he emphasized that trade in continuous time is not possible. However,
in the traditional Mean-Variance-Approach risk was identified by a mea-
sure for the square deviation from the mean, hence the variance. For
this reason, the direction of the deviation was not valued. Stochastic
processes usually allow risk to be measured by volatility and the higher
it is the more the process fluctuates around its mean. For the geometric
Brownian motion this fluctuation takes place continuously so that only
marginal differences from one point of time to another are included.
Furthermore, as the coefficient sigma is known, this stochastic process
is only able to encompass a systematic risk.

The expected present value (PV') of such a pass of benefits for a risk
neutral evaluator is

[e.9]

Y
PV =F /Yer(tT)dt = ;T >,

r—«

T
with r being the risk free interest rate.

We clearly see that CBA with the Brownian motion is just able to
model marginal and hence the so-called systematic risk. This process
does not describe sudden major events like a major disaster. Hence, to
model large extraordinary impacts of a disaster on the value of a project
other processes need to be used in a dynamic CBA framework.
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3.2 Jump Processes

To model disasters, incorporating jump processes to a Brownian motion
for modeling discontinuities in the process is necessary. In this sub-
section we introduce two types of jump processes and go on to define
the discontinuous counterpart of the geometric Brownian motion. As we
will see, both jump process differ in the step height and in the shape of
the continuous path. As a result both will deliver important properties
for the modeling of jump diffusions in our CBA framework.

3.2.1 Compensated Poisson Process

The compensated Poisson process is provided by the following definition.
Let N(t) be a Poisson process. The stochastic process

N(t) = N(t) = Xt = N(t,U) —v(U)t (1)

is called a compensated Poisson process with the Lévy measure A =
v(U). U is a family of Borel sets in R and its closure U does not contain
0. As we can see in figure (6) the process jumps upwards by one and
declines like a linear function up to the next jump. The compensated

2,
1 \\
X, 0 \\
-1_
_2—
0 1 2 3 4
¢

Figure 6: Path of the compensated Poisson process

Poisson process is also referred as the martingale and the centered version
of the Poisson process because it counts the number of jumps with the
heights from U up to t and reduces it by ¢ times the mean number
of jumps. Therefore the compensated Poisson process does not take
any integer values and its expectation value is 0. Also note that the
compensated Poisson process is not a counting process anymore.
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However, using the compensated Poisson process means that only
jumps with a magnitude of 1 can be accounted for. Concerning the
evaluation of investment projects the use of this process is therefore quite
limited. We go a step further and introduce a more general process.

3.2.2 Compound Poisson Process

The second jump process considered is the compound Poisson process
with uncertain step heights. Let F; be a set of iid random variables with
distribution f and N (t) a regular Poisson process with intensity A, which
is independent of the random variables Y;. The stochastic process

N(t)
X(t) = ZF - / ZN(t,dz)

is called a compound Poisson process with intensity .

2 4
0 4
X,
-2 A
-4
0 1 2 3 4
t

Figure 7: Path of a compound Poisson process

Figure (7) presents an example of a path of a compound Poisson
process in which the varied step heights become apparent. Hence, at
random times the process jumps by a random amount. These random
times are the same as for the underlying Poisson process N(t), which
can also be obtained as a special case with Y; = 1 for all i = 1..N(¢).
In contrast to the Poisson process, the inclusion of the compensated
Poisson process in our methodology covers both positive and negative
jumps so that both directions are included. Hence, with this type of
process we are able to evaluate major events or especially disasters that
occur at an uncertain point in time and has a random effect.
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3.2.3 Ito-Lévy Jump Diffusions

Following the approach of Jang, J., (2007) and Yang, H. and Zhang, L.
(2005), we combine both jump processes with the geometric Brownian
motion to model discontinuities of the value of the project and also to
account for the size and direction of these.

The combination of jump processes with Lévy processes has been ex-
tendedly diffused in the field of finance among others by Bertoin (1998),
Sato (1999), Duffie et al. (2000), Barndorff-Nielsen et al. (2001), Carr
et al. (2003), Cont and Tankov (2004), and Kou and Wang (2004) for
modeling discontinuities in the price process of financial derivatives. The
resulting so-called geometric Ito-Lévy jump diffusion process is defined
by the following stochastic differential equation

dY =Yadt +YodW + Y/zN(t, dz), Y(0)=yo (2)
U

with «, ¢ > 0 and constant. Again dWW denotes the increment of the
Wiener process and the condition Yz > —1 is also important to guaran-
tee only positive values of the process. Furthermore, N stands for the
compensated Poisson process with intensity v(dz)dt. The stochastic dif-
ferential equation describes a process which predominantly evolves like
a geometric Brownian motion and at random points in time it jumps
upwards or downwards. Figure (8) shows an example of a path of a
geometric Ito-Lévy jump diffusion process.

-]

5- M

Figure 8: Path of a geometric Ito-Lévy process

The last term [ zN (t,dz) accumulates all jumps that are caused by
U
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exogenous shocks. They are a positive or a negative reaction of a price
due to offered opportunities or risk. The direction and amount of one
jump is represented by the step height AY'(¢) =Y (¢)—Y(t7) € U with
U defined as for (1). Without the last term the geometric Brownian
motion will be obtained again.

As we have seen, the geometric Brownian motion is only able to
model a systematic risk due to an exogenous volatility o. With a combi-
nation of this continuous part with a jump process we are able to describe
a totally random situation. Since the time at which the process jumps
and its magnitude are random, the geometric Ito-Lévy process therefore
also covers the non-systematic risk with non-marginal changes.

Furthermore, there exists another important difference between the
geometric Brownian motion and the Ito-Lévy jump diffusion process. For
a positive a the expectation value of the geometric Brownian motion is
an increasing exponential function

EY () = EY (0)e".

Although the stochastic differential equation for Y contains a volatility,
it has no influence on the expectation value. Accordingly, the risk de-
termining component is not involved in the expectation value and only
deterministic components play a role.

In contrast, the Ito-Lévy jump diffusion process has two risk deter-

minants, o for the systematic risk and [ zN(t, dz) for the non-systematic
U

risk and the "non-continuous uncertainty". With the condition [e**v(dz) <

U
00, which guarantees finite exponential moments, the moments of the
stochastic process in (2) are also finite and the corresponding expecta-
tion value is determined by

EY(t)=EY(0)exp |t | a+ / zv(dz)—l—/zv(dz)
1) U

and is not automatically an increasing function for a positive a. The
shape of the expectation function also dependson [ zv(dz)+ [zv(dz)
f71U) u
and therefore on the intensity and height of the jumps. Is for example
a+ [ zv(dz)+ [zv(dz) <0, so that predominantly negative jumps
(%) U
occur, then the expectation value is a decreasing function. This fact
means that the investor is faced with more negative shocks than positive
opportunities. Otherwise the expectation value increases again.
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The expectation of jump diffusions allows for the valuation of both
uncertainty and their direction. In our chosen CBA framework the decision-
maker is faced with uncertainty, which is represented by the volatility
and negative jumps, but there also exist opportunities which can lead to
an increased expectation value and therefore to a compensation of risk.

3.3 Discontinuous Net Present Value Method

The purpose of this paper is to determine decision rules for the evaluation
of an investment project taking into account the occurrence and the
magnitude of a disaster. The framework of our analysis is based on a
CBA, for which the net present value approach is one of the most famous
and applied decision rules. The net present value approach underlies
mutually exclusive investment opportunities and the one which is leading
to the largest net present value is seen as the best choice.

If the returns of an investment opportunity are defined as continuous
payments z;, the net present value (NPV) is determined by

NPV = -1, + /zte_”dt
T

where Iy denotes the costs of investment and r is the risk-free interest
rate. All payments are discounted to ¢ = 0 and accumulated over time.

The net present value method becomes more interesting when the
payments and therefore the returns of investment are uncertain, as in
investment projects with disaster risk. In this case, for every ¢ the pay-
ments z; are random variables (denoted as Z;), which can be best de-
scribed by stochastic processes. Due to the randomness of z; a function
of a random variable is also a random variable, so that the net present
value is uncertain. However, in order to make a valuation possible, we
can consider the expected net present value

ENPV = —Iy+ E/Zte”dt
T
and then the investment opportunity with the highest expected net
present value is seen as optimal.

If the returns are determined by a stochastic differential equation of
the form

dZ = Zadt + ZodW + Z/zN(t,dz), Z(0) = 2o,
U
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which is the previously described Ito-Lévy jump diffusion, the expected
net present value is given by

o0

ENPV-—%+E/‘ "D z(t)dt
T
Z(T
s (1)
<T - zu(dz) — [zu(dz) — a)
f=HU) U
Z(T
——Iy+ z)

<r - A zh(dz) — X\ [zh(dz) — a)
) U

forr > [ zv(dz)+ [zv(dz)+a. Note that h denotes the distribution of
1) U

step heights of the jump process. As we can see, through the expectation

value of Z the expected net present value is affected by the intensity and

the height of the jumps.
3.4 Effects of Disasters on the Net Present Value

As suggested, the number of natural and technological disasters has
increased during the last 30 years. Even more important, however, is
their increasing effect on both the number of people affected and the
caused damage. In this section we analyze whether they also have an
effect on investments in public projects.

By using the CBA approach which allows for a discontinuous project
value described by Ito-Lévy jump diffusions we are able to determine
the effect of an increasing number of disasters on the net present value.
Hence, the derivative of the expected net present value according to the
jump intensity A is:

/

OENPV _ Z(T)

N
(r—)\ z)—Afzh(dz)—oz)

<f zh(dz) —i—fzhdz) Z(T)
! <0.

'(U)

(r -2 zh(dz) — X\ [zh(dz) — oz)
) U
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In general, the effect of an increased frequency of jumps is ambiguous
or depends on the average directions of jumps. Hence, an increasing
number of disasters leads to a negative numerator making the derivative
of the expected net present value positive. This means, more disasters
increase the expected value so that the investment in public projects
becomes more profitable. In other word, the damage caused by natural,
technological or other disasters is so devastating that a project should
be carried out earlier.

In a next step we also examine the effect of an increasing damage
of disasters. Hence, the derivative of the expected net present value

according to the jump size Z is:
/

8E]a\iPV s Z(T)
( zv(dz) — Egzv(dz) — a)
J

< 1Udz+flvdz> Z(T)
f710)

(7‘ —A zh(dz) — X\ [zh(dz) — oz)
i) U

The derivative of the expected net present value according to magnitude
of jumps is generally ambigious. However, increasing z means that dis-
asters are less severe leading to a decreased damage. Less devastating
disasters therefore lead to a decreased project value.

< 0.

3.5 Conclusion

This paper addresses the impact of disasters on the value of development
or infrastructure projects. Since the number of disaster has significantly
increased during the last decades disaster risk is a growing threat for
long term investment projects. Disasters are large events with high un-
certainty with respect to the frequency and size of effect. Cost Benefit
Analysis (CBA) has been developed as an instrument for project evalua-
tion of public projects. However, there is no framework for the evaluation
of disaster risk within the cost benefit framework. Therefore, this pa-
per provides a theoretical concept to evaluate disastrous uncertainties
in project planning. Using a stochastic Ito-Levi Jump process we model
large uncertainties, both with respect to the occurrence and size of im-
pact. These large uncertain events are implemented into the framework
of costs benefit project evaluation. As a result we can determine how the
frequency and the size of disasters events affects the value of a project.
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