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Revision of renewable-electricity support schemes:
How policy uncertainty affects investments
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Abstract—Renewable-electricity support schemes are applied
in almost 100 countries. Using EU as an example, we show that
these support schemes can be divided in three categories: a ﬁxed
price replacing the electricity price (e.g., feed-in tariffs), a ﬁxed
subsidy on top of the stochastic electricity price (e.g., feed-in
premium) or a combination of two stochastic prices (e.g., tradable
green certiﬁcates). A more market-oriented scheme will result in
a better working power market. Using a real options approach
we show that: 1) risk difference between feed-in tariffs on one
side and feed-in premium and tradable green certiﬁcates on the
other is not so big, 2) an expected transition to a more market
oriented scheme can result in smooth changes in investment rates
in contrast to an unexpected transition, and 3) this will be the
case even though the revision affects old and new installations
alike.

I.

models can be used to evaluate support schemes of tradable
green certiﬁcates (both prices are stochastic), feed-in premiums
(a stochastic electricity price and a deterministic subsidy
payment) and feed-in tariffs (only a deterministic subsidy
payment). We further assume that at some random point in
time, the subsidy payment will be revised, and that investors
either expect or do not expect that this decision will be
retroactively applied. This is modeled by including a Poisson
jump process.
We formulate the investment decision as a real option
problem in which the option to delay an irreversible investment decision has a value (Dixit and Pindyck, 1994). Our
optimization problems are solved analytically using dynamic
programming. The essence of this method is to compare the
value of immediate investment with the expected value of
delaying the investment decision. In our case, ﬁnding the
optimal timing of an investment implies identifying the sum of
the electricity price and the subsidy payment—the threshold
revenue—that deﬁnes the border between the continuation
region (in which the optimal decision is to wait) and the
stopping region (in which the optimal decision is to invest).
Uncertainty will affect the value of the option to wait and
therefore this threshold.

I NTRODUCTION

Renewable-electricity support schemes are applied in almost 100 countries. Using EU as an example, we show that
these support schemes can be divided in three categories: a
ﬁxed price replacing the electricity price (e.g., feed-in tariffs),
a ﬁxed subsidy on top of the stochastic electricity price (e.g.,
feed-in premium) or a combination of two stochastic prices
(e.g., tradable green certiﬁcates).
Depending on the design of these support schemes, the cash
inﬂows to investment projects will be more or less exposed to
ﬂuctuations in electricity and/or subsidy prices. In addition to
this market risk is the risk that the policy will change in the
future. A greater inﬂux of intermittent renewable electricity
funded by ﬁxed feed-in tariffs challenges the functioning of
power markets. In a communication on the internal energy
market published in November 2012, the EU Commission
suggests that the support schemes are revised to better reﬂect
market mechanisms.
II.

Our approach builds directly on [3] and is related to [4]
and [1]. [4] examine investment timing and capacity choice
under uncertainty in capital costs, electricity price and subsidy payments under different renewable electricity support
schemes, and the possibility of a change from one support
scheme to another. Using simulations they ﬁnd that feed-in
tariffs encourage earlier investments than feed-in premiums
and green certiﬁcates. [1] derive the investment timing for a
renewable energy facility with price and quantity uncertainty,
where there might be a subsidy proportional to the quantity
of production. Including the possibility that the subsidy is
retroactively terminated, they conclude that a subsidy, even
one having an unexpected withdrawal, will hasten investment
compared to a situation with no subsidy. Like [4] we allow for
more than one stochastic price process in order to realistically
model the support schemes in use. We extend their analysis
by allowing for correlation in prices to better investigate the
risk of green certiﬁcates under different assumptions of price
dependencies. In order to more clearly convey how individual
price and policy uncertainties are related to the threshold revenue, we choose to derive the solution analytically following

M ETHOD

We examine how such market and policy uncertainties
affect investment decisions in the renewable electricity sector.
The benchmark case is a situation in which investors expect
the current support scheme to stay the same indeﬁnitely. We
assume that investors receive an electricity price and a subsidy
payment for each unit of electricity produced. We allow for
different combinations of deterministic and stochastic, geometric Brownian motion diffusion processes. The resulting
1
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an approach developed in [2] and applied in [1]). While [1] and
[3] examine the prospects of scheme termination, we extend
their analysis by allowing for an expected change from one
support scheme to another at an uncertain point in time.
We ﬁrst derive implicit solutions to the optimization problem and then solve them numerically by ﬁxing the electricity
price and ﬁnding the solution to n equations in n unknowns.
Using a windpower casestudy we illustrate the impact of policy
uncertainty relative to the benchmark case where the current
scheme is applied ideﬁnitely.
III.

C ONCLUSION

A more market-oriented scheme will result in a better
working power market. Using a real options approach we show
that: 1) risk difference between feed-in tariffs on one side and
feed-in premium and tradable green certiﬁcates on the other is
not so big, 2) an expected transition to a more market oriented
scheme can result in smooth changes in investment rates in
contrast to an unexpected transition, and 3) this will be the
case even though the revision affects old and new installations
alike. Consequently, we advise an open political debate on how
to market-orient the renewable-electricity support schemes in
EU and other countries where ﬁxed feed-in tariffs or similar
schemes are in use today.
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Abstract— An aluminium producer is concerned with
operating the smelter in a manner that maximises its value and
minimises shutdown risk. Operational flexibility is available
through mothballing or closure whereas procurement of
electricity, a dominating input cost, may be done in the spot
market or through long-term bilateral contracts. The producer
faces multiple risk factors such as changes in aluminium price,
electricity price and foreign exchange rates. We present a joint
valuation and optimization approach for evaluating a smelter
and deriving a risk minimising electricity procurement strategy.
Determining an operational policy to maximize smelter value is
done by using the least squares Monte Carlo (LSM) method.
Electricity procurement is solved by a linear optimization

program that minimises a trade-off between power cost and
Conditional Value-at-Risk (CVaR). The results indicate that an
aluminium producer can reduce mothballing and closure risk by
determining an operating policy with the LSM and deriving a
corresponding electricity procurement strategy in the form of a
portfolio of spot and long-term bilateral contracts. This also
reduces the expected shutdown costs incurred and thus has a
positive effect on the smelter value.
Keywords—Least squares Monte Carlo; real options; portfolio
optimisation; stochastic dynamic programming; electricity
sourcing; Ornstein-Uhlenbeck; three-factor commodity process;
ConditionalValue-at-Risk
(CVaR)
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Screening the value of a mining asset portfolio
- A simulation approach
M. Collan, J. Savolainen and P. Luukka
Lappeenranta University of Technology / School of Business and Management, Lappeenranta, Finland
savoljyr@gmail.com; {mikael.collan; pasi.luukka}@lut.fi
of information make the valuation of prospective metal
mining projects difficult to perform with the most
commonly used (static) investment analysis methods [15]:
net present value (NPV), internal rate of return (IRR), and
the pay-back method.
In scientific literature, there are examples on mining
project valuations using different types of valuation
frameworks: binomial trees [16]–[20], Black & Scholes
[21], [22] option pricing [23], NPV [24], NPV based real
option valuation (ROV) [25] among others. In a survey of
20 mining companies in 1995 [26], a discounted cash flow
analysis DCF was used by 95% of respondents. The choice
of analysis method is related to the project phase, type and
the amount of unresolved uncertainties as the simplest
methods are largely constrained by the number of variables.
From practical decision making point of view, the use of
multiple tools in capital budgeting will likely lead to an
inability in arriving into mutually comparable values [27].
Further, the aforementioned investment analysis methods
do not consider the value of flexibility (real options).
Suitable real option analysis methods for under parametric
uncertainty include methods using fuzzy logic to model the
imprecise information available [28], [29] and simulation
based models [30], [31].
The option to postpone investment is of key importance
for the metal mining industry. Firstly because of the
relatively irreversible nature of the investments [11]
(downside risk) and, secondly, the possible value-added by
optimal timing [24] (upside potential). We also add the
limited resources of a company available to undertake
several large projects at once. In a strategic perspective,
there is obviously a commitment-flexibility trade-off on
sustaining a competitive advantage by investing [4], [32],
[33]. However, taking into account the non-renewable
nature of primary metal resources, the changes for
competitors’ pre-emptive investments are limited
disregarding their exploration and R&D efforts.
The correlation of cash flows with market indices in
RO-valuation has been proposed in [34]. Valuing
interrelated projects in real option theory framework is
earlier covered in [35], who develop analytical solutions on
the choice of development strategy. In a recent contribution
of [36] an equity portfolio is simulated using a least squares
Monte Carlo –method and different investment styles.
Early stage mining projects are analyzed for example in
[37]–[39]. [40] uses the portfolio terminology in valuing a
multi-zoned metal reserve of a single, operating project.
[41] applies simulation technique to analyze financing
alternatives of a gold mine. To the best of our knowledge,
there no earlier attempts to create an investment valuation
model for a multi-mine asset portfolio.

Abstract—This paper presents a simulation model for
estimating the Real Option Value (ROV) of a mining asset
portfolio containing different types of projects with varying
risk levels instead of valuing assets separately.
Characteristics of metal mining projects are discussed, the
proposed method is described and its functionality is
illustrated numerically with a two-project portfolio
suggesting that the diversification of projects may be used for
optimizing shareholder value. The value of postponing
options within the given set of projects is estimated.
Keywords—Metal Mining, Investment analysis, Real options

I.
INTRODUCTION
Metal mining investments are long lifetime capital
investments with low level of reversibility. Once the key
parameters of a mining system design (technical solution,
capacity choice, etc.) have been decided, there may be only
a limited room for feasibility improvement [1] which
highlights the importance of initial analysis. The projects’
economic value is dependent on the development of metal
markets [2], [3].
The mining industry nowadays is dominated by a very
limited number of large companies having multiple mining
assets both operational and under development. The
currently available real option valuation (ROV) methods
can be criticized for being applicable only to single projects
or isolated investment proposals and not to strategic
decision making (see [4]). Evidently, the situation calls for
quantitative tools to equally value not only a single, but a
variety of preliminary projects, where the best information
available is incomplete, and often vague or imprecise. By
diversification of assets, the investor can decrease the
commodity-specific risk [5], which allows to both
maximize the expected return of portfolio and minimize its
variance [6].
The applicability of widely recognized Brennan &
Schwartz [7] –theory on mining investments companylevel of on the mining investments’ operating policies may
be compromised when having to take into account the
company specific features such the number of mining
operations in the company´s portfolio of projects (see
discussion in [8]). Further, in valuation of mining
companies not only the operational flexibility to
temporarily shut down of mines should be considered, but
also the companies’ options to obtain additional production
through acquisition and exploration activities [3].
The inherent uncertainty of economic reserve size [9]–
[11] and internal dynamics of mining investments [12],
[13], the various sources of uncertainty [14] and the scarcity

4
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By extending the ideas Datar & Mathews [31] (D-M –
method), we introduce a project portfolio valuation tool for
“fast and dirty” screening of mining assets controlled or
available to the company. The total real option value of an
asset portfolio is calculated by simply deriving it from the
simulated NPV-value distributions of individual assets.
The most optimal development policy can be chosen from
the set of calculated ROVs of simulated policies thus
reducing the subjective factors of corporate decision
making. The proposed application of D-M -model
overcomes two common restrictive assumptions on the
analysis of early stage projects: firstly the volatilities of
metal mining seldom equal to volatility of commodity
prices [42] and, secondly, the forecasts of future prices do
not have to be normally distributed as the historical data
analysis suggest [5], [43]–[45]. These features also allow a
more realistic value analysis of postponement option
compared to traditionally used methods.
We hold an underlying assumption that the illustrated
company wishes to stay in business by profitably exploiting
both of the two analyzed reserves which have a proven or
conditional techno-economic feasibility. Therefore the
portfolio optimization question actually reduces to when to
optimally invest in project rather than whether to invest or
not. The operational option for temporary closure is
excluded from the analysis assuming its value to be small
compared to investment timing and assuming that marginal
mines with high option values are rarely developed as
greenfield projects (see [11], [24], [46]–[48]). Option to
abandon is left outside the scope of this paper for
simplicity. The proposed method assumes that the
prevailing uncertainty is of parametric type [49] and the
number of possible outcomes of projects is somewhat
known allowing a quantitative real option analysis (see
discussion [32]). The ultimate effect of diversification
decisions on company’s market value is not considered (see
discussion [50]).
The paper is organized as follows. In the next section, we
discuss the theoretical concerns of mining valuation with
NPV and then introduce the underlying mechanics of
applied portfolio valuation model built with Matlab®
software. The approach is compared to the traditional
spreadsheet functionality. Third section presents a
numerical example of an illustrative mining portfolio with
two projects: one greenfield copper (Cu) early-stage
development project (“Mine a”) and a brownfield
nickel(Ni)-copper-gold(Au) operation (“Mine b”). The
paper ends with discussion and propositions on future
research guidelines.
II.

a mining project with one metal, where a finite ore reserve,
Q < λǡ is to be mined with a constant yearly production
capacity of ore Pd, during mtot (1  mtot  ) years (see
similar ideas for petroleum industry in [48]). The onemetal mine model is then extended to cover several metals
and multiple (prospective) mining operations. The design
capacity of the mine (units of metal per year) can be
written as a function of reserve estimate and mine lifetime
as:
ܲௗ ൌ 

ொ

(1)



where ș represents the metal grade of ore (0  ș  1). The
designed capacity cannot exceed the physical inventory of
metal: șQ  Pd. We denote R (0  R  1) as the recovery
rate of metal in terms of physical recovery, which is limited
by the ore type, metal content, and the set of feasible
technical solutions, which may be unknown at the time of
the analysis. The product is sold as a metal concentrate and
the payment rate ȡ (0 < ȡ  1) is the ratio relative to the
metal market price. Cp(Pd) > 0 is the unit cost of production
per produced ton and CI(Pd) > 0 the total investment cost both dependent on the initial capacity decision. The net
present value of mine in case of immediate investment, can
be written as:
ܸܰܲ ൌ σ
௧ୀሺ

ఘோ ௌ

ሺଵାೝೡ ሻ

 ሺ ሻ


െ  ሺଵା


ೞ ሻ

ሻ െ ܥூ ሺܲௗ ሻ

(2)

where rrev and rcost represent the discount rates for revenues
and costs, and Sm the price of metal.
If the project is delayed the investment cost CI(Pd) is
discounted to the year of investment, denoted with t0,
ܸܰܲ ൌ σ
௧ୀሺ

ఘோ ௌ

ሺଵାೝೡ ሻ

 ሺ ሻ


െ  ሺଵା


ೞ ሻ

ሻെ

 ሺ ሻ

ሺଵାೞ ሻబ

(3)

In an “ideal case”, where 100%-purity metal (ș Æ 1)
would be extracted from ground with no cost, then
R Æ 1, ʌÆ 1, Cp(Pd) Æ 0 and CI(Pd) Æ 0

(4)

Combining (1), (2) and (4) we get a maximum project
value for any single metal mining project exercised
immediately, which would be perfectly correlated with the
market price:
ܸܰܲ ൌ σ
௧ୀ 

THEORY BACKGROUND

ொௌ

 ሺଵାೝೡ ሻ

(5)

In a multi-metal mine the total sum of ore contents cannot
be more than 100%: i.e. 0  ș1 +… + șʘ  1, where ʘ
presents the number of metals extracted. Note that ș-values
are restricted by the geological properties of the reserve
and they cannot be changed arbitrarily. By substituting Pd
in (5) with (1), the maximum revenue is the discounted
total value of all metal elements present in the ore can be
written as:

A. NPV of a multi-metal mining operation
Our proposed method lays its foundations on the
principles of DCF analysis, which provides a clear
methodology for ‘go’ or ‘no go’ type decisions that the
companies are faced with regarding the development of
projects [47]. We assume that as the DCF formula can be
applied to each project separately, it should work also for
any collection of projects as well [50].
To prove the theoretical applicability of valuation
approach, we first analytically estimate the value limits of


ܸܰܲ ൌ σఠ
௭ୀଵ σ௧ୀ 
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(6)
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݉݅݊ൣܥଵ ሺܲௗଵ ሻǡ ܥூଵ ሺܲௗଵ ሻ൧  ڮ

Disregarding upside potential of price uncertainty, the
maximum value of (6) is achieved by immediate extraction
as t Æ 0 (and mtot = 1).

ఝ

(7)

 ሺೌ ሻ
ሺଵାೞሻ

െ ܥூ ሺܲௗ ሻ

(8)

If the ore is discovered to be non-extractable, the extreme
(theoretical) downside case is
Pa Æ 0, and mtot Æ , thus NPVmin = -

(8)

The realizable value of a multi-metal mining project in
the planning phase is,
െλ  ܸܰܲ  ܳሺߠଵ ܵଵǡ   ڮ ߠఠ ܵఠǡ ሻ

(9)

In a case of multi-mine portfolio having a number of ĳ
mines with ʘ different metals in each, the total portfolio
maximum value is the sum of maximum values of
individual mines,

ሺଵାೝೡ ሻ

 ሺ ሻ

 ሺ ሻ
ሻ
ೞሻ


െ ሺଵା

െ

(11)

ሺଵାೞ ሻబ

ఝ

ఝ

ఝ

ఝ

௭ୀଵ

(12)

The proposed method is based on a set of Matlab-scripts
that are run in series. We denote the total timeframe of the
simulation as ttot, the production time period as tprod, and the
time before production start-up as tno-prod. The total number
of simulation rounds is n. Illustration of the simulation
method is visible in Figure 1.
The procedure can be divided into the following phases:
i) Creation of discount rate vectors for costs and revenues
for the analysis timeframe, ttot. In general, revenue discount
rates depend on the projects’ risk level, but the cost
discount rate is held constant for all projects (company’s
cost of money). Using separate discount rates for costs and
revenues is discussed, e.g., in [30]. The cost and revenue
discount vectors are replicated n times to create
intermediate matrices of the dimension [ttot * n];
ii) Initialization of probability distribution objects of
uncertainties in analyzed projects. The probability
distributions are specified by the user, and they are modeled
according to a selected distribution type (shape) and value
limits;
iii) Generation of n random paths for market
uncertainties (e.g., metal price(s) and inflation) for the total
timeframe of the analysis (in this case 40 years). The result
is a matrix with dimension [ttot * n] for each random path
dependent uncertainty;

To derive a non-ideal form for multi-mine value we use
equation (3) and a common industry practice of writing the
production costs as a function of the metal which generates
the majority of revenues (z = 1) in multi-metal mines. The
extended form of equation (3) can be written as
 ሺௌǡ ఘ ோ ାڮାௌഘǡ ఘഘ ோഘ ሻ

ఝ

B. Proposed Method

ଵ
ଵ
  ڮ ߠఠଵ ܵఠǡ
൯ڮ
െλ  ܸܰܲ௧௧   ܳଵ ൫ߠଵଵ ܵଵǡ
ఝ ఝ
ఝ ఝ
ఝ
ܳ ൫ߠଵ ܵଵǡ   ڮ ߠఠ ܵఠǡ ൯
(10)


ܸܰܲ ൌ σఠ
௭ୀଵ σ௧ୀሺ

ఝ

Assuming organizational limitations and stochastic
prices, the investor has to decide which projects should be
implemented, postponed or abandoned to create the
optimal expected total pay-off distribution in terms of
maximum NPV and minimum variance. Note that also ș
(i.e. cut-off grade) can be optimized in both strategic
planning and mining operation. However, because the
increase of cut-off grade leads to discarding of some parts
of the physical reserve, the optimal decision may be either
to minimize or maximize cut-off grade depending on the
metal price, plant capacity and available operational
strategies such as stockpiling possibilities (see discussion
in [1], [12], [51]–[55]). Because the preliminary nature of
analysis, we leave the cut-off grade considerations out of
this paper. We highlight the fact that including the ɽoptimization into early stage analysis will also lead to reiterations of reserve size Q and probably higher order
forms of NPV-equations.
The analysis method proposed is aimed at providing
support in presenting the range of outcomes stylized in (3),
when extended to cover multi-mine portfolio (see (11))
under the uncertainty of the metal price (St) and some of
the projects’ parameters (equation (12)).

By combining (2) and (6) and denoting actual production
with Pa, the NPV becomes the sum of the costs:
ܸܰܲ ൌ σ
௧ୀ െ

ఝ

݉݅݊ሾܥ ൫ܲௗ ൯ǡ ܥூ ൫ܲௗ ൯ሿ)

In an “ideal negative case”, where an investor has a nonextractable (but possible very large reserve), or the
products are unsellable, then
R Æ 0, or ʌ Æ 0

ఠ

ఝ

 ܸ݉ܽܲܰݔሺ݉ܽݔൣܲௗ ൧ǡ ݉ܽ ݔ൫ൣܴ௭ ǡ ߩ௭ ൧ ǥ ൣܴఠ ǡ ߩఠ ൧൯ǡ

In a portfolio of multi-metal mines the equation (11) is
expanded to cover multiple mines (1 to ĳ) similarly as
written in the maximum value equation (10).
The theoretical infinite negative value of a portfolio is
not relevant in practice, because of the inherent option to
abandon. In reality, an investor has to optimize the value
of portfolio on the basis of a finite set of available technical
solutions by maximizing the expected ore tonnages (Pd),
product qualities (ȡ) and metal recoveries (R) and
minimizing the total costs of extraction (Cp, CI) in the
planning stage of individual mines (ܲ is not known).
ఠ
ଵ
ଵ ሿሻǡ
ܸ݉ܽܲܰݔሺ݉ܽݔሾܲௗଵ ሿǡ ݉ܽ ݔሺሾܴ௭ଵ ǡ ߩ௭ଵ ሿ ǥ ሾܴఠ
ǡ ߩఠ

௭ୀଵ
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III.

NUMERICAL ILLUSTRATION

A. Illustrative Case Description
We assume a mining company with two assets. The first
asset (Mine a) is a promising undeveloped reserve, where
the type of ore and its metal contents in terms of % or g/ton
are known. The second asset (Mine b) is an abandoned, end
of life multi-metal mine (copper, gold and nickel) with a 10
years lifetime and an existing mining infrastructure
requiring an 800 M$ financial investment for the change of
ownership and operations re-start.
The Mine a example is modified from [56]. The exact
size of undeveloped Cu-reserve is unknown and an
additional exploration investment is required. We assume
that the exploration investment of 20 M$ or 40M$ is always
made in the start of the simulation (t = 0), because it is
relatively small compared to total investment size and it
greatly reduces the prevailing uncertainty. Table 1 shows
the expected results of exploration investment and its
resulting investment for the actual mine. We assume that
the mining operation will be planned with a 20 year lifetime
as follows: if reserve = 1.0 Mtn, the yearly production will
be 50 000 ton Cu/year (1 000 000 tons / 20 years) and
100 000 ton Cu/year if reserve equals 2.0 Mtn respectively.
In a case of empty reserve, the production will be zero and
no investment is made.

Figure 1. A general illustration of the proposed method for valuing a
portfolio of prospective mining projects

iv) n random draws from the defined probability
distributions for each uncertain “project parameter”. Each
drawn value is fixed for the simulation period and the
resulting matrix size for each project uncertainty is [1 * n].
The matrices are replicated as needed, e.g., the production
unit cost matrix is multiplied by the yearly production rates
and grows to in dimension to [tprod * n];
v) Concatenating matrices into a size [ttot, n] for NPVcalculation purposes. For example, the total cost matrix is
created by concatenating (1) a matrix of exploration cost [1
* n] for year zero, (2) a possible zero-matrix for delay time
[tno-prod * n], (3) a matrix of the investment cost [1 * n], (4)
matrix of production costs [tprod * n], and (5) a zero-matrix
of the period after reserve depletion [(ttot- tno-prod- tprod) * n];
vi) NPV-calculation using the concatenated matrices.
For example, the n possible yearly revenues for each mine
is calculated as: “production schedule matrix” multiplied
with the “price path matrix” and divided with the “revenue
discount matrix”;
vii) Summing up NPV-calculation results from step (vi)
i.e. portfolio value. The RO-value is calculated by taking
into account the probability of negative outcomes of
resulting distributions (see [30]). Descriptive numbers from
the results are generated including mean values, quintiles,
variances, cumulative sums, and generation of graphs.
One of the main results of an analysis is a histogram
resulting from ߮*n NPV values (n = 100000 and ߮ = 2 in
our example). The histogram is a net present value
distribution for the set of prospective metal mining projects.
For additional analysis of single variables, e.g., the effect
of changes in delay times to the profitability of the project,
it is possible to loop the model steps from i to vi a desired
number of times.
The method utilizes the strengths that the used MatLab
(short for matrix laboratory) software offers with regards to
matrix calculations and is therefore able to perform faster
than by using the said software in running similar analysis
via an iterative process.

TABLE I
EXPECTED COPPER RESERVE AND RESULTING INVESTMENT SIZE IN
MINE B.

To simplify the analysis, we assume that the recovery
(95%) and payment rate (95%) of metals for both reserves
are known with certainty. We acknowledge the values are
way above average industry values, but we disregard the
issue here, as it has no effect on the mechanics of the
proposed method. Production costs have some uncertainty,
which are modeled as triangular distributions. On the basis
of contingency of returns, the revenue discount for mine a
is set to 8% and 5% for mine b. The company-wide
discount rate is set to 3%. The key variables of the two
projects are summarized in table 2.
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TABLE II
KEY VALUES OF THE TWO PROJECTS AND MODEL ASSUMPTIONS

a)

B. Analysis Results
In the simulation we use assumptions of 1) uncorrelated,
2) perfectly negatively correlated and 3) perfectly
positively correlated price processes. For simplicity, the
effect of correlation is analyzed only between copper to
other metals (Ni and Au) even though multiple other
alternatives do exist. The underlying geometric Brownian
motion (GBM) parameters are visible in table 3. Without
going to price modeling in detail, we simply assume here
that the price trends are based on subjective managerial
estimates: copper price level does not change, but the nickel
and gold price have an increasing price trend.

b)
Figure 2. Example histograms of individual project values using
uncorrelated prices: a) Mine a (Cu), b) Mine b (Ni, Cu, Au)

TABLE III
ASSUMPTIONS FOR STOCHASTIC METAL PRICE PROCESSES

Figure 3. Example of portfolio value histograms (Mine a + Mine b)
using different price assumptions.

To simulate perfect price correlations we create n price
paths for copper and calculate their yearly returns. If the
prices are (positively/negatively) correlated, then the return
for correlated metal (Au or Ni) is:

The histogram in figure 3 indicates that the variation of
results increases with positive correlation and decreases
with negative correlation of prices. Note, that the projects
are always correlated to some extent as the copper is
produced from both reserves.
To further refine the analysis, the investment riskiness of
possible investment policies may be evaluated on the basis
of variance or standard deviation and the number of
negative results (table 4). The interesting feature in results
with GBM-price process modeling is that the portfolio’s
mean value is very little affected by the correlation. This is
probably largely due to fixed price trends of Ni- and Aureturn assumptions which create a large part of the total
portfolio value. The real option values are close to expected
NPVs, because of low probability of negative outcomes in
all the simulated cases. To calculate the real option value of
an investment (portfolio) we use the following equation
[30]:

[Au/Ni change] = ±[Cu change]*[Au/Ni vol.]/[Cu vol.] +
(2)
[Au/Ni return]

For example, assuming perfect negative price correlation
and a price change of copper for +3%. Then following
equation (2) for the respective Ni-price change is -1.5% (i.e.
-3*10/5+2.5) and for gold-price 3.2% (-3*3/5+5).
Following the simulation process in figure 1. We start by
running the simulation model with uncorrelated prices for
100000 times and the results are illustrated as histograms in
figure 2 and 3.
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in value even though the actual investment would be
postponed into future. Now we apply the equation (13) to
display the set of real option values of possible
development strategies with delay option under
consideration (figure 7).

ROV = (1-[Probability of negative outcomes]) *
(13)
[Expected value of the positive values]
TABLE IV
PORTFOLIO VALUE WITH DIFFERENT PRICE CORRELATION
ASSUMPTIONS

We can conclude that in an ideal situation, the choice of
development would be simply to go ahead with both
projects. However, in reality the investment policy decision
making is likely to be constrained by several “in-house”
factors such as the availability of capital, availability of key
personnel able to start-up complex operations, political
uncertainties of countries where the reserves are located,
company’s risk preferences, etc. Postponing option is
possibly the easiest and most often available method to
address these limitations. Therefore, we assume having a
~10 year strategic planning horizon, which gives 81 (9x9)
possible combinations of delaying projects. In figure 4 is
shown the calculated mean values of possible portfolio
values, when delay option is applied to projects a or b.

Figure 5. Standard deviation of mean values as a function of projects
delay times with different price correlation assumptions.

Figure 6. Amount of negative results in simulation as a function of
project delay times with different price correlation assumptions.

Graphics in figure 7 indicate that the real option value of
asset portfolio is the highest if market prices are mutually
uncorrelated and the risk of losing value by delaying mine
b is relatively low. On the contrary, assuming positive
correlation the effect of delay option may have a significant
effect on the future cash flows. The utilization of resulting
analysis is dependent on the preferences of the decision
maker and company policies: the portfolio can be
optimized, for example in terms of maximum return on
investment (~the highest resulting NPV) or the minimum
volatility (i.e. standard deviation of value).

Figure 4. Average mean value of asset portfolio as a function of time
using different correlation assumptions of metal prices. Observe that
delay times on axis x and y are from increasing to decreasing.

With the given market forecasts (positive outlook on
gold and nickel) it seems that the asset portfolio value
would be maximized by undertaking the risky Cu-project
a first and postponing the project b, which has a lower risk
and therefore smaller revenue discount rate in our model.
The decision making suggestion to invest on a less
profitable project contradicts with the intuition of
implementing the most profitable projects first. The result
should not be over interpreted, as the more detailed price
modeling can reverse the situation.
Figure 5 and 6 show that the portfolio with negatively
correlated metal prices has the smallest standard deviation
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Using the features of Matlab® and Matlab Financial
Toolbox®, we showed that several mining assets can be
merged into one portfolio valuation model to calculate their
combined value under multiple project and market
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uncertainties [5]. In other words, we use real options “in”
projects to refer to “an industrial engineering/production
management perspective [6]”. The idea is presented in figure 1.
The investments in mining can be made at any moment of the
project’s timeline. We propose that the valuation choice should
be made on a case-by-case basis taking into account the project’s
development phase.

Abstract— This paper is a state-of-the-art review on the
numerical investment analysis methods used and usable in metal
mining industry. We distinct two valuation paradigms: first the
financial option pricing and, secondly, the traditional Net Present
Value (NPV), which both use the terminology of real options. On
the basis of literature review, a synthesis of existing valuation
approaches is created and their applicability to different types of
projects is discussed. It is suggested that the methods used are not
mutually exclusive, but the choice of investment analysis and real
option theory framework should be done on the basis of
development phase of the project.
Keywords—Metal Mining, Investment analysis, Real options

I.

INTRODUCTION

Mining investments are capital intensive and practically
irreversible projects with finite lifetimes. The long economic
life, dependence on market prices of metals and multiple
uncertainties of projects underline the importance of investment
analysis as a tool to confirm their economic viability. The aim
of study is to review state-of-the-art analysis methods used and
usable in the mining industry and attempt to clarify the
theoretical framework of real options in mining investment
valuation. We see a gap on research on conceptualizing the
suitability of analysis methods using real options theory in the
context of metal mining project timeline.

Fig. 1. Illustration of real options framework in mining industry.

This paper consists of three parts. In the following section, a
literature review of investment analysis methods is conducted
and its results summarized after introducing general
characteristics of mining projects and their related real options.
In the third section as a synthesis of existing literature, we
propose a model for selecting the appropriate investment
analysis method. The paper closes with conclusion and
discussion.

We distinct two approaches for mining investment valuation,
which both use the terminology of real options, but have a rather
different theoretical foundations. First, the option pricing
valuation based approach, where futures and options are used to
estimate market risks and second, the conventional Net Present
Value (NPV) approach for estimating project-specific risks and
decision making flexibilities [1]–[3]. Both option pricing and
NPV paradigms can be incorporated with real option (RO)
framework.

II.

We suggest that in the context of mining investments real
options should be understood in two different meanings: firstly,
as an application of option pricing theory to capital budgeting
[4] i.e. real options “on projects” and secondly real options “in
projects”. Using a definition of real options “on projects”, we
view the mining project as a whole consisting of a sequence of
options. Options “in projects” in our view means adjusting the
underlying (mining) system in response to the resolution of

LITERATURE REVIEW

A. General considerations and limitations of the review
We see the mining investment analysis as a “mature” topic
with a vast accumulated knowledge. Therefore, we will
concentrate on synthesizing the existing literature. From our
review, we exclude some of the existing general level mining
valuation methods, which are introduced in a review of Eves [7].
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B. Common features of metal mining projects

and ability to delay decisions can add value compared to making
all strategic decisions during project planning [28].

The characteristics of metal mining projects have apparent
similarities to oil industry investments (see [8]–[13] for
petroleum project examples). Valuation of early stage projects
with undeveloped reserves is complex, because of varying risks,
uncertainties and asset volatility [14]. On the other hand, in a
case of developed reserve, with a given mineral deposit and
existing infrastructure, the major system parameters (production
rate, technology, etc.) are decided and a potential for efficiency
and productivity improvement may be limited [15], [16].

A list of studies which base on the traditional NPV theory
with real options is provided.

E. Bridging the gap between analysis methodologies
[2] and [3] develop an integrated approach. The dependency
between market and private risk is captured by conditioning the
project specific expected values for the risk-free discount rate
of market risks [2].

Relevant real options of mining operations can be identified
as option to defer (also referred as timing), option to expand,
option to learn and option to abandon (see [12]). We also add
the option to alter design and option to stage building of an
investment. In the context of mining industry, however, we
found no references on the switch use option. There are also two
mining industry specific real options: the ability to alter cut-off
grade of mined ore and stockpiling of ore. Cut-off grade
specifies the metal content of rock (usually % or g/tn), which is
used as a material feed for the processing plant (sometimes
referred also as head grade). Stockpiling option means the
ability to utilize waste rock stockpiles as a material feed for the
processing plant in the future (see discussion in [17]).

F. Summary of literature
In the full paper, we present a concept matrix of applied
methods to summarize the covered literature.
III. SYNTHESIS OF LITERATURE – A PROPOSED MODEL FOR
CHOOSING THE INVESTMENT ANALYSIS METHOD
Based on the literature review, there is no single valuation
paradigm generally applied to mining industry investments. We
suggest that the valuation methods review should be used as
complementary approaches and the selection of mining
valuation method should be based on the project phase, type and
its degree of uncertainty. The valuation framework is illustrated
in the full paper.

C. Financial option theory –analysis
The work of Brennan & Schwartz [18], based on Black &
Scholes [19] pricing theory on financial options, is widely
recognized as the first theoretical paper on the real options in
valuing mining assets [20]–[23]. They [18] formulate a general
time and operation state dependent (open-close-abandon)
valuation formula for operating mines. The most fundamental
issue with the concept of using financial option theory for
valuing real assets is usually the lack of replicating portfolio and
the usual assumption of GBM-type price process [1]. As a
summary, the Brennan & Schwartz model has been found to be
a good stylized representation of plant-level decisions, but its
usefulness may be limited to a general guidelines of strategy.
The company-level applicability is restricted by the theory’s
inability to take into account the company specific features and
the number of mining operations in the company´s portfolio of
projects (see discussion in [24]).

In the early acquisition or exploration phase of a mining
project, the uncertainty regarding reserve is the greatest.
Therefore the size of the assumed cash flow can be assumed to
be proportional to the market prices of extracted metal(s), but
the actual cash flow size and structure is unknown. As the
amount of knowledge is increased during development, the
structural reserve uncertainty is unveiled setting preliminary
limits for metal reserve and cash flows. When the rough costs of
extraction can be estimated, it may be justified to use discounted
cash flow –based methods. The value with different mine
designs can be calculated to aid the decision making process.
Project’s feasibility is determined not only by the market
performance of commodities, but also as a function of
(preliminary) mining system performance including its design
options to respond uncertainties. However, in the greenfield
investment cases, the capital intensity of projects and limited
decision horizon of managers may constraint the applicability of
production design options (in project) postponing these into
future.

D. Net Present Value –analysis
The probably most commonly used project valuation
technique in the industry discounted cash flow (DCF) methods
such as NPV- and Internal Rate of Return (IRR) -analysis [25].
Essentially most decisions faced by the mining companies are
“go/no go” -type choices where market valuations play no role
[26]. The “dynamic cash flow models” with managerial
flexibility can be distinguished from “traditional cash flow
models” based on how the uncertainty of individual cash flow is
dealt with in the valuation [24], [27]. The central promise of real
options theory is that under uncertainty having flexible strategies

The decision to invest can be seen as a turning point for
decision making type: from this point on the options valued are
more options in project than the options on project. By investing,
one gives up the waiting option on seeing how the prices evolve
in the future [29]. Reserve related parametric uncertainty is not
resolved by waiting, but only through investment (see [30]).
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expected to be involved in the development of the disease.
Diabetes and AIDS/HIV are the only two diseases that UN has
officially decided to fight against.

Abstract—This paper compares the costs of treating diabetes
type 1 (T1D) with the commonly used multiple daily injection
MDI method and with the novel method of combining insulin
pump and continuous glucose monitoring (CSII + CGM) into a
hybrid closed-loop system. Both direct and indirect costs of T1D
treatment are considered. The lifetime costs are modeled with
simulation and using discounted cash flow method. Daily basic
treatment costs are twice as high with CSII+CGM in comparison
with the MDI method. However, overall lifetime costs are
approximately only one third of those in comparison with the
MDI method. This is due to expensive indirect complication costs
related to insufficient therapeutic control of many diabetics using
MDI, while advanced CSII+CGM hybrid closed-loop users can
avoid these complications nearly completely. At the same time,
quality of life of type 1 diabetics improves significantly when
using advanced CSII+CGM systems.

Treatment of diabetes has improved significantly over the
years. The costs are still, however, very high per person. At the
moment, treatment of a diabetes type 1 patient over his lifetime
costs approximately 1 million euros, of which complication
costs and work absence costs are even 80 - 90 % of the total
costs, and the daily basic treatment costs are 10 – 20 % [4].
Interest towards the cost structure of T1D treatment in Finland
can be explained by its highest occurrence per capita in the
World. In Finland, T1D rate is 58 persons per 100 000, in
Scandinavia on the average the rate is 35 persons, in the USA
24, but only 1 to 100 000 in China and Japan [3].
Most typical way of treating type 1 diabetes (T1D) is to use
multiple daily injections (MDI) of insulin. The method is also
called flexible insulin therapy (FIT), as it gives more flexibility
in treatment and life style in comparison with the conventional
approach used commonly until early 1990’s. Another way to
treat T1D is continuous subcutaneous insulin infusion (CSII)
that means using an insulin pump. This CSII method can be
also enhanced with continuous glucose monitoring (CGM)
where blood glucose level is continuously monitored with a
sensor. In Finland, Use of CSII and CSII + CGM are
considered for adults, adolescents and children with high
average blood glucose levels despite of intensive MDI
treatment or with occasional dangerously low blood glucose
level episodes difficult to manage [5]. According to the THL
research, daily basic treatment direct costs of multiple daily
injection (MDI) method, excluding health care visits, are 1800
euros, with insulin pump (CSII) 3500 euros, and with insulin
pump and continuous glucose monitoring (CSII + CGM), 6200
euros [5].

Keywords—cashflow simulation, lifetime total cost estimation,
uncertainty modeling, valuation, diabetes type 1 treatment cost
modeling

I.
INTRODUCTION
Diabetes costs represent a significant worry to both patients
and the health care system. The estimated total economic cost
of diagnosed diabetes in USA in 2012 was $245 billion, of
which type 1 diabetes costs are $15 billion [1]. In Finland, the
medical costs of treating diabetes together with the lost labor
inputs of diabetic patients reduces long-run GDP by over one
percent [2]. There are more than 50 000 T1D people in Finland
and close to one million type one diabetics in the USA [3].
Type 1 diabetes (T1D), also called juvenile diabetes, is an
autoimmune disease in which a person’s pancreas stops
producing insulin, a hormone that enables people to get energy
from food. It occurs when the body’s own immune system
attacks and destroys the insulin-producing cells in the pancreas,
called beta cells. T1D people need to treat themselves
constantly with insulin. This is typically taken with
subcutaneous injections using either insulin pens or insulin
pump. Unlike with most cases of type 2 diabetes, the cause of
the T1D disease is still unknown, and it is not either
preventable. However, genetics and environmental triggers are

There are many diabetics who would like to treat
themselves with the CSII or even CSII+CGM. However, some
physicians deny this treatment method as they consider it to be
too expensive in comparison with the expected benefits in
therapeutic control and quality of life. This is also dependent of
the hospital district and their policies. On the other hand, there
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Chronic hyperglycemia means that diabetic has on average
too high blood glucose rate. This average long term glucose
level is also the problem that causes the diabetes complications.
Blood sugar glucose connects to haemoglobin, and the higher
the average blood sugar, the higher the number of sugared –
glycosylated – complexes of haemoglobin and sugar. This
glucose–haemoglobin complex is called glycosylated
haemoglobin, otherwise known as HbA1c. This measurement
tells how many (%) of the haemoglobin is sugared. Once blood
cells become glycosylated, they stay glycosylated until they die
(about 3 months). The new red blood cells produced are not
glycosylated, but over their lifespan, may become such as a
result of glucose in blood.

are many physicians who consider that the expected lifetime
cost with CSII and CSII+CGM would actually reduce the T1D
overall costs, especially the complication costs, because of the
better therapeutic control.
The purpose of this study was to compare what are the
expected overall lifetime costs for treating a T1D patient with
MDI/FIT or CSII+CGM methods. The analysis considers both
the daily treatment costs as well as long-term complication
costs of these approaches. No limitations were given in
choosing the optimal valuation strategy and method. Net
present value calculation, simulation, real option analysis and
system dynamics were those alternatives considered mostly for
finding a solution.

The typical target level set for Hba1c for adults is currently
6.5% and for children 7.5% [6]. Higher target for children is
because maintaining good sugar control is trickier, as a number
of factors can put them at higher risk of hypoglycemia: variable
food intake, physical exercise, hormonal changes, varying rates
of growth and development, and changes in emotions.

The structure of the paper is as follows. After the
introduction, section 2 describes the complexities and risks of
diabetes treatment. Section 3 discusses different diabetes
treatment methods with their advantages and disadvantages.
Section 4 discusses the relationship between the quality of
treatment and costs of T1D. Section 5 introduces the principles
of the simulation model used in lifetime cost estimation.
Section 6 discusses the results of the study. Section 7 applies
real option analysis qualitatively to explain why
pharmaceutical companies use these options in a way that
enhances the development and market competition in the field.
Finally section 8 concludes the paper.
II.

The problem with the high average blood sugar level,
HaA1c, is that over time it causes most of the diabetes
complications: retinopathy, kidney problems, nerve problems,
foot ulcers and vascular diseases [6]. Most of these problems
are caused by the sugared haemoglobin that effects negatively
microvasculars. Eye and vision problems are related to
retinopathy, causing trouble seeing especially at night, or in
worst cases, vision loss that in many cases cannot be reversed.
Another common issue is related to the kidney damages. The
kidneys might not function and may even stop working, and
then dialysis or a kidney transplant is needed. In Finland,
diabetes is the most common reason for dialysis [7]. Nerves in
the body can become damaged, causing pain, tingling, and loss
of feeling. Also feet and skin can develop sores and infections,
and in worst cases, part of the leg (e.g. toes) need to be
amputated. Infection can also cause pain and itching in other
areas. Higher blood glucose level, especially together with high
blood pressure and cholesterol, can lead to heart attack, stroke,
and other problems. It can become harder for blood to flow to
the legs and feet.

RISKS IN DIABETES TREATMENT

There are three different risks related to diabetes treatment:
1) hypoglycemia i.e. two low sugar level, 2) acute
hyperglycemia (acute high blood glucose level with
ketoacidosis), and 3) chronic hyperglycemia (high average
blood glucose level) [6].
Hypoglycemia, low blood sugar, means abnormally
diminished content of glucose in the blood. This is usually
caused by having too much insulin in body in comparison with
eaten carbohydrates and physical exercise. Effects of
hypoglycemia can range from mild dysphoria to more serious
issues such as seizures, unconsciousness, and (rarely)
permanent brain damage or even death. As a result, people who
are afraid of hypoglycemia or have a tendency for this often
keep the average blood sugar on a higher level.

The problems are not limited to long-term complications.
Any time blood glucose levels rise particularly high, even
temporarily, quality of life suffers. Short term hyperglycemia
negatively affects thinking performance, coordination,
emotions and moods. However, these issues do not have direct
cost impacts, and therefore they were omitted in this study.

Hyperglycemia, high blood sugar, can be either acute of
chronic. In acute hyperglycemia, a condition called
ketoacidosis may develop when the body does not have enough
insulin. Without insulin, the body isn't able to utilize the
glucose for fuel, so the body starts to break down fats for
energy. However, because there is no insulin available, this
only further increases blood sugar level. Ketoacidosis is a lifethreatening condition which needs immediate treatment.
Symptoms of ketoacidosis are nausea and vomiting, shortness
of breath, abdominal pain and dry mouth. When diabetes
treatment is under control, this should not happen, especially to
any adult. Most common reasons for ketoacidosis are insulin
pump (cannula) obstruction, stomach diseases and purposeful
neglecting the correct treatment and not dosing insulin for
example due to mental stress and diabetes fatigue.

As a result, treatment of T1D is about balancing between
the short-term risk of hypoglycemia and the long term risk of
high blood sugar. Trying to keep HbA1c lower increases risk
of hypoglycemia while playing fully safe increases risk of
long-term negative side effects.
III.

TREATMENT OF DIABETES: FROM CONVENTIONAL
TREATMENT TO MDI AND ARTIFICIAL PANCREASES

T1D treatment has developed significantly over the last 20 30 years. Thirty years ago, most typical (and nearly only, and
then best available) treatment for T1D was something that is
now called conventional insulin therapy. Insulin was
commonly dosed twice or three times a day, and meals were
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days, were not very accurate, had more size, and their insertion
was not that convenient. However, in just a few years,
manufacturers (e.g. Dexcom and Medtronic) have increased
sensor lifespan into one or even two weeks while at the same
improving their accuracy and ease of use.

scheduled to match the peaks in the insulin profiles. The blood
glucose level was not measured at home, and therefore the
overall blood glucose levels and also the target levels were set
higher than today. Nevertheless, cases of hypoglycemia were
also quite common. People used to have higher HbA1c, and as
a result, those who have had T1D for several decades
commonly suffer to some degree of the earlier mentioned long
term complications.

As a result of this increased accuracy, latest insulin pump
models can be set to act smart and lower the insulin dosing if
there is a risk that user’s blood glucose level goes too low. The
forthcoming models - already under clinical tests [8] and
scheduled to arrive in two or three years - are expected to allow
also automatic insulin dosing if the glucose level goes too high.

The next step from that was what is called multiple daily
injections (MDI) or flexible insulin therapy (FIT). This
approach favors flexible meal times with variable carbohydrate
as well as flexible physical activities. The MDI/FIT approach
became possible when new insulin analogs were developed and
glucose home measuring became more accurate. These insulin
analogs are very similar to real human insulin, but their amino
acid sequences are genetically engineered so that they are
absorbed either faster or a slower than the human insulin. As a
result, they are different by their absorption, distribution,
metabolism, and excretion characteristics. Usually, one or two
long acting doses are taken daily, and then 4 – 6 doses of fast
acting insulin analog for meals with rapid onset and shorter
duration of action.

The next step in this treatment is the so called close-loop. In
this forth-coming approach, the smart device will take much
more responsibility of the treatment. The closed-loop means
that the device itself adjusts the basal rate and also partly finetunes the meal boluses. This will become possible as the CGM
becomes more reliable and also faster insulin analogs can be
used with the pumps. The early clinical results have shown
promising results, reducing both the HbA1c and the risk of
hypoglycemia. In future, also dual-hormone closed-loop
approaches are under investigation, for example, using amylin
analog that is normally released from pancreas along with
insulin after a meal [9]. This delays glucose absorption, thus
improving post-meal glucose control.

Type 1 people with MDI/FIT approach need to make
frequent (5 – 8 times a day) finger sticks to check blood sugars,
and also several injections of insulin. For dosing the insulin for
each meal, T1D patients 1) need to measure the blood glucose,
2) calculate the number of carbohydrates of the meal and 3)
take into account earlier and forthcoming physical exercise.
Stress, infections, weather temperature changes and many other
things also make the blood sugar level volatile (usually to
increase from the ordinary level). Therefore, even the currently
used MDI/FIT approach requires constant adjusting and taking
carefully into account the daily routines. The advantage of
MDI/FIT is the flexibility it offers to patient. The likelihood of
hypoglycemia is smaller than with conventional approach, and
also the HbA1c levels become better. Daily routines of
MDI/FIT take a little more time than conventional therapy, but
life becomes much more flexible.

In Finland, approximately 90 % of diabetes costs (including
both type 1 and type 2) are indirect costs of complications and
costs of missed work contribution and premature retirement
[4]. Most common long-term complications are kidney
problems (nephropathy), vision problems (retinopathy),
neuropathy (nerve problems) and cardiovascular diseases. For
example, depending on the source, the annual costs of dialysis
treatment of kidney failure are anywhere between €50 000 to
€70 000 annually. The situation has not changed since, because
the average therapeutic control has not improved.

The next step after MDI/FIT was the development of
insulin pumps (yet the first insulin pumps were released
already in the early 1980’s). Insulin pump is a mobile phone
sized electric device that gives user-adjusted doses of insulin. It
is parameterized according to the user needs for given
carbohydrates and blood glucose level. The pump then
automatically suggests the optimal insulin dose for each meal.
It also takes care of the basal dose that is pumped continuously
at an adjustable basal rate to deliver insulin needed between
meals and at night. Insulin is dosed to the body with a cannula.
Current insulin pump models in 2015 also communicate
wirelessly with some glucose meters and continuous glucose
monitoring sensors.

Until 1920’s there was no treatment to T1D and it caused
certain death very shortly. Also after that, despite of the
discovery and production of insulin, life expectancy for Type 1
diabetics used to be 20 – 30 years less than for those not having
diabetes. However, those born after 1965 and having diabetes
Type I have life expectancy already grown to 69 [10].
According to the latest results, T1D on average reduces
expected life 11 years for men and 13 for women [11]. As a
result, when T1D is treated properly, nearly everyone should
be able to work until the official age of retirement. To remind,
there are also people who do not take care of the treatment, and
might therefore die abnormally young of hypoglycemia, thus
reducing the average age.

Continuous glucose monitoring (CGM) is a system in
which the sensor continuously reads the blood sugar level and
then sends this information wirelessly either to a specific
monitoring device or to the insulin pump. It is even possible to
share this data with a mobile connection to the cloud in real
time. The development of CGM has been rapid. In the
beginning of 2010’s, the sensors lasted officially only for 3

Strict control of blood sugar appears to be a key for the
good treatment, life expectancy and also quality of life:
researchers observed already in famous Diabetes Control and
Complications Trial in 1993 that, on average, a 40% reduction
in overall risk of death for every 10 reduction in patient’s
HbAc1 [12]. In Finland, average HbA1c in 2010 was 8.5%,
very close to the earlier results of 8.6% from 1993 [13]. Yet
unpublished results of 2014 suggest that current HbA1c

IV.

TREATMENT RESULTS AND THEIR RELATIONSHIP WITH
COSTS
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complications. Also, to varying degree, some of these
complications, especially in the early stages, rather weaken the
quality of life of the diabetic instead of causing significantly
medical treatment costs.

average is 8.4%, above the current target value of 6.5 % set by
Finnish Diabetes Foundation [6]. Given the technical
development of the methods over the last two decades and the
relatively strong public health care, this number is quite
disappointing.

The modeling was done so that the probability of the
complications increases as a number of years go on. Then
different annual costs were associated to each complication.
These future costs are also subjective, as there is also
significantly variance even today in estimating their true annual
costs. For example, depending on the source, the annual costs
of dialysis treatment of kidney failure are anywhere between
€50 000 to €70 000. Also, the average cost for each amputation
is over €70 000. The probabilities used in the analysis and
results reported here are forward-looking and rather more
optimistic than pessimistic, at least when compared with the
current situation in Finland.

Alongside the complication costs, T1D causes significant
losses due to early retirement related to complication costs.
There are no exact numbers on this in Finland (there is no
separation between type 1 and type 2), but these indirect costs
are internationally considered to be significant: a bad
complication may cut work life too early, and diabetic becomes
a pensioner instead of being a working taxpayer. T1D may also
hit personally the income of the diabetic. In the USA, T1D
patient (over 18 years of age) has on average annual salary loss
of $7000, and the average household income is $9500 less [14].
V.

THE CASHFOW SIMULATION MODEL

Modeling of the future complication treatment probabilities
and costs is highly subjective. If diabetic people would pay
more attention to their own well-being, they should also get
significantly better treatment results with MDI/FIT than they
do at the moment. There many adult T1D diabetics having
HbA1c near or even below 6.5%, and those people are often
also on the opinion that diabetes does not affect their life
significantly, as they have learnt to have sufficiently healthy
way of life, and FIT – flexible insulin therapy - treatment
already gives them enough flexibility and freedom, as the name
suggests. On the downside, there are people – diabetic and nondiabetic – who do not take good care of themselves. Drinking,
smoking, overweight, lack of physical exercise, unhealthy diet,
high blood pressure, bad cholesterol numbers, shift work,
irregular way of life and many other things are not good either
for healthy people. However, for diabetic people, unhealthy
habits cause complications sooner than later. As the average
results of HbA1c around 8.5% indicate [13], many patients do
not take care of themselves well enough to avoid long-term
complications.

Total lifetime costs of FIT and hybrid closed-loop system
treatment were modeled and compared with a discounted cash
flow simulation model. The costs were grouped in two
categories: daily basic treatment costs and long-term
complication costs. Some daily basic treatment costs are very
similar in both cases: both require insulin and blood glucose
testing strips. Closed-loop system requires less insulin, and due
to continuous glucose monitoring, there is also less need for
glucose monitoring test strips. However, the hybrid closed-loop
system has also other costs: the insulin pump investment cost,
infusion sets and their reservoirs, and continuous glucose
monitoring sensors. On top of that, both methods also include
several other costs that are similar with both: semiannual
clinician control meetings and tests, glucose drops, snacks,
freshen-up towels, blood glucose meters etc. The present daily
basic treatment cost structures for both alternatives are
presented in the following Table 1:
TABLE I.DAILY TREATMENT COST OF DIABETES WITH MDI
AND CSII + CGM METHODS
MDI

CSII + CGM

Insulin

1500

1200

Test strips

2000

1500

Other costs

1200

1200

Pump + transmitter

1400

Infusion sets & reservoirs

2400

Sensors
Total annual costs (€)

The probability estimation for the complication costs in
CSII + CGM hybrid closed-loop system is also difficult. In
practice, if the diabetic uses the system correctly and has
sufficiently healthy way of life, the diabetes treatment results
should actually be so good that there are no complication costs.
The devices will become even smarter over time, becoming
more like artificial pancreases instead of being smart insulin
pump systems. The results of the clinical tests are very
promising, and some of the daring hackers have already
reached safely such results that they were not even classified
being diabetics based on their low HbA1c values (for more
information on this, see e.g. www.dyips.org). Most of these
results should be reached with products coming to the market
already in 2017 or 2018 (e.g. Medtronic 670G), and this will
only be the first cautionary step from one single manufacturer.
The forthcoming models should definitely provide even better
and easier treatment. Therefore, it is justified to assume that
there are no long-term complication costs with hybrid closedloop system (and with their successors, artificial pancreas
systems). Actually, the systems should become so good that
they will even surpass the results of some ordinary nondiabetic people.

2160
4700

9860

The other part of the cost modeling was estimation of the
long-term complication costs. These complications were
categorized into 1) kidney problems (nephropathy), 2) vision
problems (retinopathy), 3) work absence and early retirement
costs, 4) nerve problems (neuropathy), 5) limb complications
and 6) other complications. Of these six categories, the kidney
problems, limb complications and work absence and early
retirement costs are expected to be the most significant factors
in future, given the expected development in early detection,
avoidance, mitigation and advances in treatment of these
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VI. RESULTS
According to the simulation model results, the situation is
quite obvious: under any foreseeable scenario or combination
of parameters, the forth-coming CSII + CGM with hybrid
closed-loop is always less expensive alternative for treatment
according to the total lifetime costs, unless patient dies
prematurely because of some non-diabetes related reason. It
can be considered surprising that the difference between the
two alternatives is so significant. For the MDI/FIT, the total
discounted lifetime costs are ~ €900 000 while the costs with
advanced CSII + CGM are ~ €320 000, approximately only
one third in comparison with the MID treatment approach.
Fig. 2. Variation around the expected value of MDI/FIT method total costs
over lifetime is significant because of the differing therapeutic control results
achieved by type 1 diabetics.

The following cumulative cost figure (Fig. 1) illustrates this
situation best. Until having T1D approximately for 25 years,
MDI/FIT approach is more cost-efficient alternative. This is
because until that point, kidney complication and work absence
costs have only emerged to those individuals who have not
taken enough care of themselves. However, after that, more
and more diabetics using MDI/FIT method require treatment
for their complications. This naturally starts to increase the
cumulative costs.

One significant advantage of the forthcoming advanced
CSII+CGM systems is that even if the diabetic does not bother
to take treatment very seriously, the system will automatically
re-balance the blood glucose level onto a specified level after
some time delay. Therefore, even those people who are
reluctant to take care of themselves are guaranteed to get
sufficiently good treatment. This reduces complication risks,
improves quality of life, and at the same time, saves tax payers’
money.
Another significant advantage pointed out by some
professionals was that there are many people who just cannot
take care of themselves with MDI, and therefore they need
assistance. Senior citizens with dementia and young children at
kindergarten or at school are examples of such people. Use of
CSII + CGM for diabetes treatment requires less special skills
from the assistants. There are people who feel terrified if they
need to assist some in injection of insulin. Doing the same
dosing with CSII system is technically more like using of a
smartphone, without need to see and use insulin pen needles.
The results and conclusions are quite obvious: new
technology and diabetes treatment approach will be much more
cost efficient in comparison with other currently existing
methods. However, the presented numbers do not necessarily
reflect the reality in the longer at all. There might become some
completely new and revolutionary ways to medicate diabetes,
and it is also possible that in the long run, scientists also find a
way to cure diabetes.

Fig. 1. Cumulative discounted total lifetime costs of MDI/FIT and advanced
CSII+CGM method treatment. In the long run, CSII+CGM costs are lower
because it practically eliminates the complication costs.

There is significantly variation around the expected value
of CSII + CGM. This is can be explained with the fact that
some people take good care of themselves, and thus do not
suffer that much of the complication costs. On the other hand,
these people also live longer, and thus their treatment costs also
increase with time. This variation around the mean costs of
MDI/FIT can be seen from the following Fig 2. For the CSII +
CGM (not shown here with a graph), this deviation is of much
smaller magnitude.

VII. REAL OPTIONS IN THE CSII+CGM DEVELOPMENT
It turned out that even without real options, the novel
CSII+CGM method is cost-wise a better alternative than MDI.
Still, different real options, and also lack of them, were briefly
analyzed from the qualitative perspective.
According to real option thinking, value of flexibility
comes from uncertainty and value of waiting, and then making
optimal decisions when there is more information available
(Trigeorgis 1996). Most typical real option types are option to
delay, option to switch, option to abandon, option to expand,
growth options, option to contract investment size, option to
switch between different alternatives, and staged investments
[15].
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However, the non-value of waiting to switch is related to how
human mentality works. If diabetics get used to older methods
and higher HbA1c target levels set for them, they are not
mentally willing to improve their treatment quality even when
it should be quite easy with improved methods. Another
finding is that it is extremely important to take the treatment
seriously from the very beginning. The first year impression
affects strongly the willingness to take care of the disease for
the rest of the life [17]. Therefore, physicians should encourage
and guide the patients in the early stages of the disease. Giving
precious treatment system with ambitious but achievable
treatment target levels also signals diabetic the importance of
following the medical treatment plan. New methods should
also support better adherence and compliance, thus reducing
the risk of diabetes self-management fatigue. Therefore, some
physicians are on the opinion that in near future people with
T1D, especially those not meeting their target levels, should
use advanced CSII + CGM systems.

There are three major reasons for the medical companies
(both pharmaceutical drugs and device manufacturers) to
enhance and fasten their R&D operations as much as possible:
1) market competition, 2) extinction of patents rights, and 3)
use of external money in R&D activities. For example, in the
USA only, insulin sales in 2011 totaled $8.3 billion, a 15%
increase compared to 2010 (DDDI 2012) [16]. Therefore, every
major medical company wants a share of this big and rapidly
growing market. Patents for the synthetic human insulin
expired in 2012, and also patent of the still commonly used
long-term basal insulin analog, Lantus, expired in February
2015. If the existing companies are not active, newcomers
might jeopardize the market with copied drugs. Therefore,
there is no room to use option to delay.
There is a lot of money targeted to diabetes research and
treatment. Therefore, it is rational to do R&D on nearly every
considerable alternative, even on the more unlikely ways of
treating diabetes, because funding for these projects comes
partly from external sources, e.g. from different foundations. If
something new turns out to be a hit, the upside potential is
usually very high. As a result, every possible expansion and
growth option is used whenever possible: it just part of the
normal way of doing business. On the other hand, some R&D
projects turn out to be failures: they are abandoned according
to the common stage-gate models that are used commonly by
major pharmaceutical companies (a policy partly dictated by
the FDA as well).

VIII. CONCLUSIONS
This paper compared the costs of treating diabetes type 1
with the currently used multiple daily injection (MDI/FIT)
method and with the nascent method of combining insulin
pump and continuous glucose monitoring (CSII + CGM) into a
hybrid closed-loop system. The lifetime costs were modeled
with simulated discounted cash flow method. Both direct and
indirect costs of T1D treatment were considered.

The only area where the companies truly have different
strengths is in the field of how to provide additional services to
the users and other stakeholders. For example, manufacturers
try to develop software to ease and encourage better selfmanagement, and the physicians are given tools to analyze
patient data. Also ability to monitor CGM in real time
everywhere is high on the R&D list. Collecting physical
exercise data is also essential to avoid hypoglycemia. A
Finnish company Sensotrend, for example, is developing
methods to estimate how much physical exercise affects the
blood glucose balance, and how this information should be
combined and used by the CSII + CGM hybrid closed-loop
system. Manufacturers also develop software for smart phones
and smart watches to make daily self-management easier than
before.

The actual simulation model is quite straightforward, but
getting reliable and accurate data as inputs is very difficult
because depending on the source, there is variation even in the
past data of cost estimations. Also, estimating the probabilities
for different possible complications in future is difficult as
there is still no precise knowledge on how different levels of
HbA1c correlate with the complications in the long run over
several decades.
The novel way of using CSII + CGM is in terms of costs is
considerably less expensive alternative than MID/FIT (€900
000 vs. €320 000). This advantage stems from CSII + CGM
systems’ ability to semi-automatically adjust the blood glucose
level to the optimal level even if the user is not strict on
following the medical treatment plan. This eliminates nearly
completely the long term complications and their costs. The
daily basic treatment costs are about double in comparison with
the MDI, but this is more than offset by the minimal indirect
costs. Type 1 diabetics using MDI/FIT do not achieve on
average sufficiently good therapeutic control, and therefore the
indirect costs increase due to complications in kidneys, eyes,
nerves, feet and cardiovascular system. Work absence and
premature retirement also cause significant indirect costs.

As a result, there is a lot of real option type thinking and
action in pharmaceutical companies. However, it has become
part of their ordinary way of doing business. Also, unlike with
traditional real options and financial options, uncertainty does
not reveal itself without own active R&D. Secondly,
competition means that there is no time to wait. It is essential to
be in the market first. This is good news for diabetics as it
guarantees that their treatment methods will continuously
improve.

For those with T1D, continuous development in the field of
diabetes treatment is positive. Pharmaceutical industry and its
real options were qualitatively analyzed to see if there are some
reasons or obstacles that would give companies options to
delay the development. However, expiring patents, hard market
competition and external funding on R&D guarantees that
every possible real option is used in a way that expedites the
development. To set apart from their competitors, companies
also need to improve and expand their products to have better

Another consideration in the beginning of the study was to
consider if it would be feasible to wait until changing from the
MDI/FIT treatment to the CSII + CGM, i.e., what is the
optimal time of waiting until switching.
The answer for the value of delaying switching is zero,
unless there is a new system coming in just a few months with
better features (in which case it is obviously wise to wait).
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offerings than their competitors. This will further enhance the
development of advanced CSII + CGM hybrid closed-loop
systems until we have an artificial pancreas - or cure for
diabetes.
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Abstract – Although short-rotation coppice (SRC) becomes of
great significance worldwide due to increasing demand on energy
and their significant advantages relative to competing agricultural
crops, the estimated land capacity for SRC cultivation is hardly
used in Germany. The results of models that have been developed to
explain the observed reluctance of farmers to convert to SRC are
controversial. Existing models are limited either to a hectare-based
resolution, not taking into account farm’s resource endowments
and potential economies of scale, or to investments “now or never”,
not allowing to postpone any decision. We fill these gaps by
developing a farm-level model for SRC cultivation and allowing for
full flexibility in planting and harvesting, using the multi-stage real
options approach. The model will be used to further understand the
motivation of farmers and to evaluate different policy measures in
order to stimulate conversion to SRC.

function of the harvesting interval on the one hand, and
increasing overtime harvesting costs on the other hand [6].
The potential area for SRC is large. For example, in
Germany it is estimated as 5.7% (i.e. 680’000 hectares) of
cropland and 33% (i.e. 1.5 Mio. hectares) of grassland,
considering all restrictions [7], out of which only about 5’000
hectares are currently cultivated [8]. In order to stimulate the
cultivation of SRC, an economic model is required that not
only contributes to further understanding of farmers’
motivation, but also allows evaluating the performance of
different policy measures3.
There have been a number of models developed to explain
the observed reluctance of farmers to convert to SRC.
However, they ignore either the farm-level constraints,
operating on a hectare base, or flexibility in time of planting
and harvesting. In this regard, the results of the previous
studies are rather controversial, and there is no general
agreement about profitability of SRC or efficiency of policy
measures. In this paper we address the limitations of existing
models. In particular, we develop a farm-level model of SRC
cultivation and allow for full flexibility of planting and
harvesting by using the multi-stage real options approach
(ROA).

Keywords – perennial energy crops; farming decision; new
investment theory.

I.

INTRODUCTION

In the light of increasing demand on energy, bioenergy
becomes of great significance worldwide [1, p.7], [2, p.16]
with perennial energy crops having significant advantages
over the conventional land use [3]. In particular, short rotation
coppice (SRC)1, as one type of perennial energy crops, is
characterized by low-input production compering with
competing crops [4]. In addition, there is a certain flexibility
in SRC harvesting2 that is possible at intervals of 2-20 years
[5]. An optimum harvesting interval in terms of cost-benefit
ratio exists due to the growth rate of SRC being a concave

The outline is structured as follows. First, a brief overview
of existing models with respect to SRC cultivation is given.
Based on this, our research aim and hypotheses are
formulated. Next, we introduce the concept of our model and
provide a solution for it. We would like to emphasize that this

1

3

Common plants suitable for SRC include poplar (populus spp.) and
willow (salix ssp.) [4].
2
Hereinafter we distinguish between an intermediate harvesting, i.e.
the one, after which no replanting is needed, because the perennial energy
crop continues to grow and can be harvested again in two years or later; and
the last harvesting, i.e. complete clearance of the plantation. The rotation
period, i.e. the time period between planting and the last harvesting, is
restricted up to 20 years [5].

Currently there is no additional support for SRC cultivation in Germany
beyond the Greening of Common Agricultural Policy (CAP) of the European
Union that reduces the direct payments to farmers by 30%, unless certain
environmental requirements are fulfilled (those can be fulfilled among others
by cultivation of SRC) [9]. However, the rural development policy allows the
Member States to introduce some measures, supporting bioenergy production,
e.g. adding value to biomass [10]. An example of currently implemented
policy is the Energy Crops Scheme (ECS) in England [11].
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is an outline of research in progress. Our next steps, as well as
some issues to be discussed, are listed in the concluding part.
II.

based on the theoretical background of the ROA and [23], we
hypothesize that, (2a) considering additionally flexibility of
harvesting, we get a trigger value that is lower, than the one
calculated allowing to postpone planting only, but (2b) higher
than the one calculated according to the classical investment
theory. Finally, we hypothesize that (3) taking into account
farm-level constraints and possible economy of scale leads to a
lower trigger value, comparing with the one derived from a
hectare-based model.

STATE OF THE ART

The results of economic evaluations of SRC found in the
literature are quite heterogeneous. Out of 37 relevant studies
43% report economic viability of SRC; 19% - economic
disadvantages; and 38% - mixed results [12]. The diversity of
the results is explained not only by the different assumptions
made, but also by the different theoretical frameworks applied
[ibid.].

III.

MODEL AND SOLUTION

The first step is to generate cash flows, based on which the
expanded NPV will be expressed and optimized subject to
some farm-constraints6. The cash flows from cultivating SRC,
, are assumed to be stochastic and to follow a
denoted as
Geometric Brownian Motion (GBM) [36, pp.63–82].

The theory that has been most frequently used to analyze
the economy of SRC cultivation is the classical investment
theory, e.g. [13]-[16]. The research is mainly devoted to the
North American countries [17], [18] and to the Europe [19]–
[21], including Germany [16], [22]. Since the approach doesn’t
allow postponing decision to convert, which might lead to an
overestimation of conversion triggers [23, p.164], its relevance
for analysis of SRC cultivation is rather questionable. This
limitation has been tried to be overcome by using the new
investment theory.

The optimization problem can be described more generally
as a problem of distributing a set of limited resources (in this
section we assume there is only one limited resource, namely
land limited to ) between two investment projects:
x

Despite the advantages of the new investment theory over
the classical one and quite well developed theoretical
background of the real options, the concept has been hardly
applied to analyze the economic performance of perennial
energy crops. Besides, the papers that use the ROA have
limitations in several directions. They do not consider either
flexibility in harvesting [24], or farm restrictions (i.e. analyzing
the investment decision as stand-alone) [25], or both [23], [26],
[27].

Project A, or “Perennial Energy Crop” Project
A multi-stage American option, where exercising the
first stage (planting) requires the initial investment
, and exercising every following stage
(harvesting) earns immediate stochastic cash flow
, which depends not only on the limited
resources devoted to the project7, but also on the time
. There must be at least two years between exercising

Other quantitative research have been conducted with
respect to SRC cultivation, such as linear programming
modelling [28], GIS-based spatial data analysis [29], [30], and
supply-demand analysis [31], [32]. Among the qualitative
research devoted to SRC cultivation are mainly farm surveys
[33]–[35]4.

two stages. Starting from the second stage (i.e. having
exercised “planting”) holding an option also binds a
certain amount of the limited resources that might
have been invested into the alternative project. In
other words, holding an option incurs some
opportunity costs annually. In addition, at every stage,
starting from the second one, the investment project
can be stopped for some additional costs (the last

Thus, although a number of models have been developed to
explain farmers’ decision with respect to SRC cultivation, each
of them is limited either to a hectare-based resolution, not
taking into account potential farm’s economy of scale, or to
investments “now or never”, not allowing to postpone any
decision. Our paper aims to fill the gap by developing a farmlevel model for SRC cultivation, and applying the multi-stage
ROA5 in order to allow for flexibility in both planting and
harvesting.

harvesting), and the limited resources can be taken out
of the project.
x

Project B, or “Traditional Agriculture” Project
A one-year risk-free investment project that requires
initial investments resulting in revenue in the
following period. Both – the initial investments and
the revenue – depend on the limited resources,
distributed to the project. The project can be reexercised every year.

There are three hypotheses of our research. First, based on
previous research, demonstrating the profitability of SRC in
terms of static NPV, and based on the observed reluctance to
convert to SRC, we hypothesize that (1) under current
conditions it is optimal to postpone the cultivation. Second,

The net present value of the Project B, denoted as
, is derived under the assumption of optimum use of

4

6

Although we don’t use these methods as a basis for our model, we do
take the results obtained in these papers into consideration, for instance in
setting up the assumptions of our model.
5
We assume that the first “Harvesting” is an option on an option
“Planting”, and each following “Harvesting” is an option on the previous one;
that is basically the multi-stage real options.

The farm constraints might include availability of land area of each soil
type, labor and machinery capacity, liquidity and etc.
7
We assume a non-linear function of stochastic cash flow with respect to
the limited resource. Otherwise the result of the maximization problem would
be a corner solution, i.e. to devote the whole limited resource either to the
Project A or to the Project B.
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resources for traditional agriculture and is a function (linear or
non-linear) of the limited resources. Since we assume there is
no risk and flexibility related to the Project B, its net present
value is calculated according to the classical investment
theory.

Equation (5) means that in two years after exercising the
first stage (planting) the investor gets the second one (the last
harvesting), however, losing the opportunity costs of the
alternative project inbetween. In addition, in order to exercise
the first stage the initial investments have to be made.
Equation (6) means that after exercising the second stage, the
investor immediately obtains the profit from harvesting,
covering additional costs for quitting the project.

The option
values of all stages
p
g of the Project A, denoted
as
with
and
being the total
number of stages, are calculated using the multi-stage ROA.
The trigger cash flows for exercisingg each stage
g are denoted as
and have to satisfy
for all . We
. The other cases
present here the solution for the case
can be solved in a similar way8.

The smooth-pasting conditions are

(7)
(8)

In the case
there are two stages only: planting and
the last harvesting. The two value functions have to satisfy the
differential equations (respectively):

Having derived the net present values of both projects
independently as functions of the limited resources, the
investor maximizes his/her total net present value by
distributing the limited resources between the two projects and
by choosing the timing for the first one. The output of this
maximization is the shares of limited resources distributed to
each project. We distinguish between the time periods of
exercising the stages of the Project A9:

(1)

(2)

x
where
– variance of the GBM (cash flows of SRC);
and
are the first and the second derivatives
respectively;
- risk-free discount rate (continuous);
- risk-adjusted discount rate (continuous);
– drift rate of the GBM (cash flows of SRC);
.

with

being the time period

of exercising the first stage of the Project A

(9)
where
– the opportunity costs of the Project B.

The value functions should have the forms:

As long as the cash flow of the Project A is below the
, all the limited resources are
trigger value
invested into the Project B and the option to exercise
the first stage of the Project A is held. Note that the
opportunity costs of the Project B are already
considered in the option values of the Project A.
Once the cash flow of the Project A exceeds the
trigger value (assume this happens in the time period
), the first stage of the Project A is exercised,
requiring the initial investment immediately and the
opportunity costs of the alternative project in the
following period, and obtaining the option to exercise
the second stage of the Project A in two years.

(3)
(4)
where
,
and

Time

are non-negative constants to be defined;
;
;

is a particular solution of the nonhomogeneous
differential equation (2).

x

The value-matching conditions are

with

Time
period of exercising the

th

being the time

stage of the Project A

(5)
(10)

(6)
where
– the Euler number.
9
8

The provided way of solving is based on [36].

is .
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Hereinafter we are back to the general case, when the number of stages
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investment projects: a multi-stage American option (i.e.
cultivation of perennial energy crops) and a one-period riskfree investment project (i.e. traditional agriculture). The model
will be used to further understand the motivation of farmers
and to evaluate different policy measures in order to stimulate
conversion to SRC.

Holding every option between the first and the last
one (i.e. an option of intermediate harvesting), the
investor gets the net present value of this option.
Once he/she exercises an intermediate stage (at time
), he/she gets a cash flow immediately, but has to
incur the opportunity costs of the alternative project
in the following period.
x

Time

with

In our next research steps we focus on finalizing the
solution of the model and providing a numerical example.
However, there are still open questions, the main one out of
which is how to derive the number of stages N and timing for
the “Perennial Energy Crop” Project from the model. An
option could be to run the model for different number of
stages N and then choose the optimal one, i.e. to provide not a
closed-form solution, but an analytical one.

being the time

period of exercising the last stage (i.e. the

th

stage)

of the Project A

(11)
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some costs for quitting immediately, and has no more
any opportunity costs of the alternative project in the
following period.
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which is maximized over the limited resources devoted to the
Project A and over the timing of the Project A.
The primary source of data used to derive farm-level
information required for the above model is [5]. The missing
data are taken from the existing literature. After developing and
testing the model, we will check our hypotheses and evaluate
the effects of different policy measures on SRC cultivation.
IV.

CONCLUSION

Short-rotation coppice becomes of great significance
worldwide due to increasing demand on energy and due to
significant advantages over other bioenergy crops. However, in
Germany the estimated potential area of land for SRC
cultivation is far beyond the currently used one.
There have been a number of models developed to explain
the observed reluctance of farmers to convert to SRC, being
however limited and producing controversial output. To our
knowledge, there has been no farm-level model developed for
perennial energy crops that considers flexibility in both
planting and harvesting.
We developed a farm-level model for SRC cultivation that
allows for full flexibility in planting and harvesting, using the
multi-stage ROA. In particular, we provided a solution for a
problem of distributing a set of limited resources between two
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of uncertainty surrounding the analyzed investment and based
on the available information [14].

Abstract—The paper is designed to compare two real option
valuation techniques, Datar-Mathews method based on the
probabilistic approach and a fuzzy pay-off method based on the
possibilistic theory. These approaches comprise similar logic,
recognizing the whole investment project as a real option, if
investment can be terminated in case of loss forecast. Real option
value is defined as a risk adjusted expected mean of the positive
side of the resulting outcome distribution. Simple intuition makes
these methods attractive for investment analysis. However, being
relatively young they have not spread deeply to business practice
and academic research. Possessing identic logic but utilizing
different theoretical foundations these techniques are especially
interesting to compare.

However, two novel real option valuation methods possess
identical valuation logic, but different theoretical background.
Datar-Mathews method (DMM) exploits Monte-Carlo
simulation representing investment profitability with
probability distribution [6-8]. Whereas fuzzy pay-off method
(FPOM) addresses uncertainty with possibilistic distribution or
a fuzzy number [9-12]. Being emerging approaches they have
not spread widely to the academia and business yet.
This paper focuses on the two mentioned methods, DMM
and FPOM, aiming to apply them on a virtual investment case
and compare the results. The investment case is chosen in a
way to provide complex interaction of influential factors. It is
represented by solar photovoltaic (PV) power plant investment
project, benefiting not only from electricity sales but also from
capacity payments. The latter is a function of a number of
factors including variable market conditions and particular
project peculiarities, creating a complicated network of causal
relationships.

In general, results obtained from applying these methods to
real option analysis are consistent. Simple triangular possibilistic
distribution appears to overly simplify an investment case with
complex interaction of uncertain factors. However, possibilistic
theory provides grounds for further method extension. Fuzzy
inference rules applied to outcomes resulting from different
combinations of uncertain factors create an aggregate possibilistic
distribution that joins features of real option and sensitivity
analyses. This enables to trace interconnections of uncertain
factors to particular ranges of investment pay-off, facilitating and
deepening investment analysis.

The investment model is built to analyze profitability of the
solar PV project. The same investment model provides a basis
for both Monte Carlo simulation for implementing DMM and
scenario calculation for FPOM. The results of each valuation
technique including characteristics of distribution and
descriptive statistics are examined and compared. Inability of
both methods to trace what combinations of uncertain factors
end up in different ranges of project pay-off is revealed. In
order to cover this gap, possible extensions of each method
analysis were investigated. As the result, fuzzy inference rules
are adapted to FPOM leading to a complex possibilistic
distribution that is able to illustrate relationship between
different uncertainty sources and the project outcome.

Keywords—real option valuation; Datar-Mathews method; fuzzy
pay-off method; fuzzy inference.

I.

INTRODUCTION

Real option analysis is slowly becoming a part of
investment planning in companies [1, 2] and it has been
gaining more and more attention in academia. Different types
of real options (RO) are recognized and different approaches
exist to value them [3]. The problem of RO valuation was
initially addressed with the models originally designed for the
valuation of financial options, Black-Scholes formula [4] and
binomial option pricing techniques [5]. Today business users
of real option valuation are moving away from using these
“original” models and (Monte Carlo) simulation based real
option valuation [6-8], fuzzy real option valuation methods [912], and system dynamic modeling as a basis of real option
valuation [13] are gaining ground in the industry. The different
RO analysis methods are not competitors to each other, as the
selection of the model used should be made based on the type

Such kind of comparison of these real option valuation
methods is for the first time presented to the academic and
business community. Elaborated fuzzy pay-off method
extension with fuzzy inference rules represents a next step in
real option valuation and more generally investment analysis.
This paper continues with section II introducing brief
literature review and the general theory behind analyzing
methods. The next part, Results, demonstrates and compares
the main outputs of the application of the two methods and
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provides insights on their extension. Finally, Conclusion
discusses findings, their implications, limitations, and
suggestions for future research.
II.

BACKGROUND

In this part, we briefly describe the theoretical foundations
of the real option valuation methods, DMM and FPOM,
enlightening their computational logic.
Fig. 1. Classical triangular fuzzy pay-off distribution.

A. Datar-Mathews method
Intention to handle series of investment projects uniformly
fostered a new intuitive approach of real option valuation
named after its authors the Datar-Mathews method (DMM)
[6]. The whole investment project is referred as a real option, if
investment can be terminated in case of loss forecast.

The definition and derivation of the fuzzy mean is given in
[15]. Practically, the fuzzy mean of the positive side of the
distribution and the success ratio are calculated differently
depending on the position of the distribution with relation to
zero.
 When the whole distribution is in the positive zone, success
ratio is equal to 1 and fuzzy mean of the positive area is the
same as fuzzy mean of the whole distribution (E(A)):

Project profitability variation is analyzed by means of the
Monte Carlo simulation with randomized input variables.
Resulting probability distribution is a key element for further
real option valuation. Since all negative outcomes of the
project can be terminated, in the next step so called project
Payoff Distribution is created. It is obtained by deducting the
launch cost from the operating profit distribution, mapping all
negative outcomes as zero, and weighting positive outcomes
on the success ratio (the ratio of the successful outcomes to all
probable outcomes). The mean of the resulting pay-off
distribution is a real option value. Authors define it as ‘Risk
Adjusted Success Probability x (Benefits – Costs)’ [6].

(2)
where a is a realistic net present value (NPV),
α is a distance between realistic and pessimistic NPV, and
β is a distance between realistic and optimistic NPV as
presented in Fig. 1.
 If zero lies between realistic and optimistic NPV:

This algorithm reflects the general intuition behind the real
option concept that RO is the right, but not the obligation.
DMM is proved especially viable for investment cases with
severe initial risk profile but potentially high returns in the
long run. The Datar-Mathews method was successfully utilized
by the Boeing Corporation, enhancing its ability of
contingency planning and strategic thinking [6].

(3)
 If zero lies between pessimistic and realistic NPV:
(4)
 Finally, if the whole distribution is in the negative zone,
E(A+) is equal to zero.

B. Fuzzy pay-off method
The same valuation logic is incorporated to the fuzzy payoff method (FPOM), however, instead of probability
distribution, authors adapt possibility distribution or a fuzzy
number as representation of project profitability. Such
replacement substantially facilitates the computational
procedure. FPOM requires calculating only three scenarios (in
a simple case) as opposed to thousands of iterations needed for
the Monte Carlo simulation. The fuzzy number arises from
assigning zero possibility to extreme (pessimistic and
optimistic) scenarios and full possibility equal to one to the
middle realistic scenario. The former two form the borders of
all possible outcomes and are assigned with zero membership
degree. As the result, triangular possibility distribution evolves
(Fig. 1).

The success ratio is defined in all these cases based on the
ordinary geometric rules.
Both approaches, DMM and FPOM, encompass the same
logic treating the whole investment project as a real option, but
different implementation foundations, the probability theory in
case of DMM and the possibility theory (or the fuzzy set
theory) in case of FPOM.
Being amongst the latest developments on the real option
valuation, DMM and FPOM appear not to have spread widely
in the academic literature yet. The Datar-Mathews method is
demonstrated mostly in relation to some Boeing’s investment
cases [6, 7, 16]. The fuzzy pay-off method application is
limited to several real-word problems in corporate finance,
including pre-acquisition screening of target companies [17],
patent valuation [11, 18], and R&D selection [19]. These
methods have not been applied simultaneously to the same
investment cases, except merely in [20]. With an exception of
apparent difference in computational procedure, DMM and
FPOM attributes have not been compared thoroughly.
Different nature of their theoretical foundation can potentially

Real option value is defined as the fuzzy mean of the
positive area of this distribution E(A+) weighted on the success
ratio (the ratio of the positive area A+ to the whole area A of the
distribution) (1).
(1)
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lead to diverse capabilities and contribution to investment
analysis that creates a need for a comparative study.
III.

Whereas ordinary triangular form of the possibility
distribution seems to overly simplify the case.
First two graphs of Fig. 2 display the real option value
(with green) and probability-weighted and fuzzy mean (with
red). These and some other descriptive statistics are also
presented in the Table 2. The results show the difference
between valuation techniques, as FPOM states substantially
lower RO value, mean NPV (in absolute values) and standard
deviation, and higher success ration as opposed to DMM. Such
difference is partly caused by diversity of the theoretical
foundations of the two methods, and partly by the simpler form
of the possibility distribution that dislocates weights closer to
the realistic scenario comparing to the probability distribution
that has several peaks.

RESULTS

A. Numerical case illustration
The investment model is built for an industrial-scale solar
PV power plant, which revenues comprise of electricity sales
in the Russian wholesale energy market and capacity
payments. The latter is calculated by the regulating authority as
a variable rate annuity designed to provide a certain level of
return on investment, taking into account altering market
conditions and project-specific characteristics [21, 22].
Capacity revenue partly offsets dependence form electricity
prices, inflation and interest rate, while posing a limit on
capital expenditures (CapEx), setting target electricity
production performance (target capacity factor), and imposing
localization requirement (requirement to obtain equipment and
services produced locally in Russia). Detailed description of
the case and assumptions can be found in [20].

C. Extensions of the methods
The probability distribution in Fig. 2 might seem to
comprise more information about the investment than the
possibility distribution. The right peak that encompasses
positive NPVs represents desirable outcomes, while the rest of
the distribution signifies large risks associated with the project.
Apparent disadvantage of such distribution is inability to show
what combination of factors results in positive net present
values. The only way to examine it is to play with the model,
changing random inputs one by one. However, such procedure
is time consuming and does not guarantee full understanding
of the case. Contrary, the possibilistic approach possesses
some potential in this sense.

Project profitability is represented by its NPV obtained
from the classical cash flow calculation performed by means of
Microsoft Excel®. The fuzzy pay-off method is implemented
based on this model with assumptions for three scenarios as
shown in the Table 1. Real option valuation is performed in
accordance with foundations provided in the section II. Monte
Carlo simulation for the Data-Mathews method is realized with
Matlab Simulink®, where identical cash flow model is built.
Uncertain variables are assumed random numbers uniformly
distributed between the extreme values specified in the Table 1
(values for the pessimistic and optimistic scenarios). The
model runs simulation 10000 times and displays resulting
NPVs as a probability distribution. Omitting the DMM step of
creating the Payoff Distribution, the model goes straight to the
real option valuation as a probability weighted mean of the
positive area of the distribution multiplied by the success ratio
that is consistent with DMM valuation logic.

Triangular shape of the possibility distribution makes
perfect sense when uncertain factors affect the outcome
uniformly along their possible range, as electricity price and
inflation in the current case. Specific effects of the electricity
production performance on the capacity payments and
consequently on the project profitability suggest necessity of
different treatment. This influence splits precisely to the three
different levels – full capacity payments if capacity factor
reaches more than 75% of the legislative target, 80% capacity
payments if capacity factor falls between 50 and 75% of the
target, and no capacity payments otherwise. These levels can
actually represent distinct cases of power plant siting
characterized by different solar irradiation. Hence, we can
represent them with three possibility distributions instead of
one.

B. Comparative analysis of the methods
Fig. 2 introduces the results obtained with the DatarMathews method (a), with the fuzzy pay-off method (b), and
their convergence (c). The latter clearly demonstrates
distribution borders matching. However, the shape of the
probability distribution is intricately dissected that is attributed
to the complex interaction of uncertain factors.

Detailing of the resulting picture can be deepened further.
Within each of the three triangular distributions there is still
some combinations of factors that would beneficial to reveal.

TABLE 1. UNCERTAIN FACTORS
Factor
Electricity
price,
rub./MWh
Consumer price index
(inflation)
CapEx level
Capacity
factor
(percent of target)
Localization
requirement

TABLE 2. COMPARISON OF RESULTING STATISTICS (THOUS.RUB.)

Range of values
Pessimistic

Realistic

Optimistic

1000

2000

3000

1.70

1.35

1.00

150%

100%

80%

30%

75%

120%

Failed

Fulfilled

Fulfilled

Descriptive statistics

Factor
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DMM

FPOM

Difference

Real option value

4192

2037

-51%

Mean NPV

-524862

-261359

-50%

Standard deviation

441292

357602

-19%

Success ratio

3%

9%

200%
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Fig. 2. Net present value distribution. (a) Probability, (b) possibility distribution, and (c) their convergence.
(red – mean NPV, green – real option value.)



It is fulfilling localization requirement that has only to discrete
values and capital costs, which increase is partly offset by
rising of capacity payments, but only until the limit. Thus, we
should consider two different situations with respect to
localization and two another different situations with respects
to CapEx, resulting in four possible combinations of these
factors.

μA  B = max{μA; μB}



Fig. 3 illustrates gradually these operations. Firstly, we
present a case with capacity factor higher than 75% of the
target as a separate possibilistic distribution (Fig. 3 (a)). All
other factors stay fuzzy as defined previously in Table 1.
Secondly, this distribution is divided into four separate
distributions, each representing different combinations of
fulfilling CapEx limit and localization requirement (Fig. 3 (b)).
The left distribution illustrates the case when both
requirements are failed as specified on the bottom of the graph,
the right one shows the opposite situation and two distributions
in the middle represent two combinations of these conditions
when one is reached and another is failed. Other factors have
the same values across all four distributions in corresponding
scenarios (pessimistic, realistic, and optimistic). In particular,

Each of the four combinations can be represented by standalone triangular distribution. In order to differentiate between
them, we apply fuzzy inference rules, assumptions for which
are shown in the Table 3. Triangles that represent different
combinations would be simply cut at different height in
accordance with these rules. Resulting figures can be further
combined by taking fuzzy union of their membership degree
functions as defined in (2) for fuzzy sets A and B.

Fig. 3. Step-by-step illustration of converting triangular distribution to complex fuzzy pay-off representation: (a) constructing separate distribution for a case with
high capacity factor (>75% of the target), (b) dividing it into four distributions in accordance with all combinations of fulfilling CapEx limit and localization
requirement, (c) taking different alfa-cuts for each distribution, (d) taking union of resulting figures.
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TABLE 3. FUZZY INFERENCE RULES FOR COMBINATIONS OF FACTORS
Factor
Localization

CapEx limit

earlier obtained probability distribution in a greater extent than

Alfa-cut
level

Fulfilled

Fulfilled

1.0

Fulfilled

Failed

0.5

Failed

Fulfilled

0.4

Failed

Failed

0.3

Fig. 4. Convergence of the probability and possibility distributions

electricity price and consumer price index remain as specified
in Table 1, and capacity factor is equal to 75%, 97.5% and
120% respectively for three scenarios (since this is an
illustration of the case when capacity factor is higher than 75%
of the target).

the simple triangular distribution (Fig. 4). Reasons for the
highly dissected shape of the probability distributions become
clear. It results from the complex interaction of artificial
effects of uncertain factors created by the supporting policy.

To visually differentiate between these distributions, we cut
them at different levels in accordance with fuzzy inference
rules provided in Table 3 (Fig. 3 (c)). Thus, first to the right
distribution that illustrates situation of both criteria fulfilled
stays the same, next to it representing fulfilled localization and
failed CapEx limit is cut at the membership degree equal to 0.5
etc. Finally, fuzzy union is taken of resulting figures forming
complex payoff distribution (Fig. 3 (d)).

To summarize, breaking down complex influence of
uncertain factors to their combinations and applying fuzzy
inference rules create a possibility to display in a great detail
not only the outcome of the project, but also its causality from
uncertain factors.
IV.

The same operations are performed for the two remaining
cases with lower capacity factor. Resulting project payoff is
shown in Fig. 5. Now a single graph illustrates all major
combinations of uncertain factors, enabling us to trace the most
important causal relationships from influential factors to the
outcome. For instance, we can derive from the graph a
conclusion that keeping CapEx within limit and fulfilled
localization requirement, but having average capacity factor
less than 50% of target (right purple peak with membership
degree equal to 1.0) would generate about the same NPV range
as failing first two constraints, but having higher capacity
factor (left part of the orange distribution with membership
degree equal to 0.3).

DISCUSSION AND CONCLUSIONS

The Datar-Mathews and the fuzzy pay-off method both
exploit similar logic to real option valuation, but have different
theoretical foundations, since DMM uses probabilistic
distribution, while FPOM implies possibilistic one. Both
techniques recognize the whole investment project as a real
option and value it as an expected mean of all positive
outcomes weighted on the success ratio.
In general, triangular possibility distribution can be a
sufficient representative of the normal probability distribution
without any harm to information content. However, in more
complex cases, such as considered investment project
benefiting from return-based legislative support, the simple
triangular distribution appears to simplify the results
substantially. In this case, both FPOM and DMM face the
problem of linking influential factors with the outcome, since
neither triangular distribution, nor dissected probability
distribution can elucidate causal relationships.

Another more important insight is that only capacity factor
higher than 75% of the target in conjunction with fulfilled
localization and CapEx within the limit would guarantee
positive NPV. Moreover, project can sustain slight CapEx
increase over the limit, but localization requirement and
capacity factor level are crucial for its profitability.

However, the fuzzy set theory offers enough tools to tackle
this problem. By dividing complex effects of uncertain factors
into simple combinations of them and by applying fuzzy

Interestingly, resulting possibility distribution reflects

Fig. 5. Possibility distributions outlining all important combinations of uncertain factors.
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inference rules to those combinations, insightful and selfsufficient results can be achieved. The aggregate possibility
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from what combination of factors, displaying both resulting
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Combining fuzzy inference technique with the fuzzy payoff method for complex investment cases can substantially
facilitate and deepen investment analysis. Resulting
distribution joins features of real option and sensitivity
analyses becoming a unique and irreplaceable tool for
investment decision-making.
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Results of comparative analysis of DMM and FPOM
signify consistence of the methods, since borders of possibility
and probability distributions tally, although computed
parameters, such as real option value, weighted NPV, standard
deviation and success ratio do not match due to different
theoretical foundations of two methods. However, it does not
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This paper contributes to existing literature on real option
valuation by presenting comparative analysis of the two
emerging methods. Such kind of comparison was not available
before and would benefit further development of real option
valuation methods. Adapting fuzzy inference to the fuzzy payoff method represents a novel approach especially powerful for
investment cases with complex interaction of uncertain factors.
This modification of the FPOM would be a worthwhile
adjustment to investment analysis for researchers and business
analysts focused on such investment cases and for
policymakers.
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This study is limited to two specific methods, namely the
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While this assumption may seem somewhat restrictive, it is
likely that in many market sectors it is possible to identify
some form of market sector indicator for which historical data
exists and whose correlation to a traded asset/index could
readily be determined. One of the key ingredients of our
original approach is that the process for the market sector
indicator determines the managerial estimated cash-ﬂows, thus
ensuring that the cash-ﬂows from one time period to the next
are consistently correlated. A second key ingredient is that
an appropriate risk-neutral measure is introduced through the
minimal martingale measure (MMM) (Föllmer and Schweizer
(1991)), thus ensuring consistency with ﬁnancial theory in
dealing with market and private risk, and eliminating the
need for subjective estimates of the appropriate discount factor
typically required in a discounted cash-ﬂow (DCF) calculation.
We then expanded our methodology to be able to account
for managerial risk aversion. Furthermore, we developed an
analytical approach for the case where the cash-ﬂows are
assumed to be normally distributed (Lawryshyn (2013)).
After using our method in a few practical settings where
we valued early stage projects, we realized that a key ingredient was missing in much of the real options approaches,
including ours – that of timing risk. In this work we develop
a framework that provides a practical way to deal with timing
risk. Furthermore, we allow the timing risk to be (partially)
correlated to the market.

I. I NTRODUCTION
Real option analysis (ROA) is recognized as a superior
method to quantify the value of real-world investment opportunities where managerial ﬂexibility can inﬂuence their
worth, as compared to standard net present value (NPV)
and discounted cash-ﬂow (DCF) analysis. ROA stems from
the work of Black and Scholes (1973) on ﬁnancial option
valuation. Myers (1977) recognized that both ﬁnancial options
and project decisions are exercised after uncertainties are
resolved. Early techniques therefore applied the Black-Scholes
equation directly to value put and call options on tangible
assets (see, for example, Brennan and Schwartz (1985)). Since
then, ROA has gained signiﬁcant attention in academic and
business publications, as well as textbooks (Copeland and
Tufano (2004), Trigeorgis (1996)).
While a number of practical and theoretical approaches for
real option valuation have been proposed in the literature,
industry’s adoption of real option valuation is limited, primarily due to the inherent complexity of the models (Block
(2007)). A number of leading practical approaches, some of
which have been embraced by industry, lack ﬁnancial rigor,
while many theoretical approaches are not practically implementable. Previously, we developed a real options analysis
framework where we assumed that future cash-ﬂow estimates
are provided by the manager in the form of a probability
density function (PDF) at each time period (Jaimungal and
Lawryshyn (2015)). As was presented, the PDF can simply
be triangular (representing typical, optimistic and pessimistic
scenarios), normal, log-normal, or any other continuous density. Second, we assumed that there exists a market sector
indicator that uniquely determines the cash-ﬂow for each time
period and that this indicator is a Markov process. The market
sector indicator can be thought of as market size or other such
value. Third, we assumed that there exists a tradable asset
whose returns are correlated to the market sector indicator.

II. M ETHODOLOGY
A key assumption of many real options approaches
(Copeland and Antikarov (2001), Datar and Mathews (2004)
and Collan, Fullér, and Mezei (2009)), is that the risk proﬁle
of the project is reﬂected in the distribution of uncertainty
provided by managerial cash-ﬂow estimates. In Jaimungal
and Lawryshyn (2010), we introduced a “Matching Method”,
where, as mentioned above, we assumed that there exists a
market sector indicator Markov process that ultimately drives
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where Bt is a standard Brownian motion under the real-world
measure P. Following Jaimungal and Lawryshyn (2015) we
assume there exists a market sector indicator that is partially
correlated to the traded index and we assume it has a standard
Brownian motion,

(2)
dSt = ρS dBt + 1 − ρ2S dWtS ,
where WtS is a standard Brownian motion under the real-world
measure P independent from Bt , and ρS is a constant (−1 ≤
ρS ≤ 1). Next, we introduce a collection of functions ϕk (St )
such that at each Tk , Sk = ϕk (STk ). Furthermore, at each
cash-ﬂow date Tk we match the the distribution Sk to the
cash-ﬂow distribution supplied by the manager F ∗ (x). Thus,
we require

Fig. 1. Cash-ﬂow scenario. The timing, τm , is uncertain.

P(ST < x) = F ∗ (x).

the managerial-supplied cash-ﬂow estimates. The value of
the method is the riskiness of the cash-ﬂows are inherently
accounted for by the managerial supplied distribution. A
broader distribution necessarily implies a more risky cashﬂow. As well, the method properly accounts for idiosyncratic
and systematic risk (for full details of our methodology we
refer the reader to Jaimungal and Lawryshyn (2015)). As we
develop our method here, we set out two main objectives: 1)
that the model be consistent with ﬁnancial theory, and 2) that
the methodology is easily adapted to managerial estimates.
A depiction of the project cash-ﬂow scenario is provided
in Figure 1. The during development, regular outlays of cash
will be required for the project and these are depicted as K0 1 .
At some point τm the project will be ready for the market, at
which point a signiﬁcant investment K will be required after
which cash-ﬂows generated through revenue and operations
are expected to be received. These cash-ﬂows are uncertain
and are estimated by managers. As discussed in Jaimungal and
Lawryshyn (2015) the distribution of the cash-ﬂow estimates
can take any form, however, for practical reasons, in this
formulation, we assume them to have a triangular density
representing low, medium and high cash-ﬂow estimates. The
cash-ﬂows are assumed to occur at times Tk , k = 1, 2, ..., n,
where n is the number of cash-ﬂows. In the present formulation, we assume these cash-ﬂows are not dependent on τm ,
however, this assumption can be easily relaxed and in fact,
using either fuzzy set theory or probabilistic methods, it is
possible to distort these cash-ﬂows appropriately.
To allow for proper valuation of both systematic and idiosyncratic risk, we assume there exists a traded index index
that follows geometric Brownian motion (GBM),
dIt
= μdt + σdBt ,
It

(3)

In our previous work (Jaimungal and Lawryshyn (2010)) it
was shown that ϕk (St ) is determined as follows
 

x
,
(4)
ϕk (x) = F ∗ −1 Φ √
Tk
where Φ(•) is the standard normal distribution. We now have
a very simple expression for ϕ which makes the valuation of
risky cash-ﬂows very simple.
As discussed in Jaimungal and Lawryshyn (2010), the
real-world pricing measure should not be used, and instead,
we propose the risk-neutral measure Q, corresponding to a
variance minimizing hedge. Under this risk-neutral measure,
we have the following dynamics
dIt
t ,
= r dt + σ dB
It

t + 1 − ρ2 dW
S ,
dSt = νS dt + ρS dB
t
S

(5)
(6)

 S are standard uncorrelated Brownian mot and W
where B
t
tions under the risk-neutral measure Q and the risk-neutral
drift of the indicator is
μ−r
.
(7)
νS = −ρS
σ
We emphasize that the drift of the indicator is precisely
the CAPM drift of an asset correlated to the market index
and is a reﬂection of a deeper connection between the MMM
and the CAPM as demonstrated in (Cerny 1999). Given this
connection, our reliance on parameter estimation is similar to
those invoked by standard DCF analysis when the weighted
average cost of capital (WACC) is used to discount cash-ﬂows
and the cost of equity is estimated using CAPM. In DCF
analysis the CAPM drift is, however, estimated based on the
company’s beta, while in our approach, the CAPM drift derives
from historical estimates of the sector indicator and traded
index dynamics. Furthermore, the riskiness of the project is
appropriately captured by the distribution of the cash-ﬂows.

(1)

1 We note that in the current formulation we have assumed these to be
equivalent, however in practice this does not have to be the case.
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Consequently, our approach is more robust. Given the risk
measure Q, the values of the cash-ﬂows can now be computed;
i.e. at time τm the cash-ﬂows can be valued as
VτCF
(Sτm ) =
m

n


e−r(Tk −τm ) EQ [ϕk (STk )|Sτm ] ,

1
Fitted Distribution
Estimated Values

0.8

(8)
Probability

k=1

and the option value accounting for investment K just before
time τm as
 CF
(Sτm ) − K + .
(9)
VτRO
− (Sτm ) = Vτ
m

0.6
0.4

m

0.2

Applying the discounted Feynman-Kac theorem, the value of
the cash-ﬂows for t ∈ [τm , Tn ] can be determined using the
PDE
∂V
∂V
1 ∂2V
rV =
,
+ νS
+
∂t
∂s
2 ∂s2

0

1 − ρ2τ dWtτ ,

(10)

τ ,
1 − ρ2τ dW
t

μ−r
.
σ

3

4

5

6

Applying the Feynman-Kac theorem, the value of the
project V = Vt (s, g) can be determined using the PDE
rV =

∂V
∂V
∂V
1 ∂2V
∂2V
1 ∂2V
+
+
+ νS
+ ντ
+
,
2
2
∂t
∂s
∂g
2 ∂s
2 ∂g
∂s∂g
(15)

for t ∈ [t0 , tmax ] where t0 and tmax are the minimum and
maximum times, as speciﬁed by the managers, for which the
project is expected to be marketed; i.e. τm ∈ [t0 , tmax ]. For
all t ∈ [t0 , tmax ] we have Vt (St , a) = VtRO (St ) and, as
(s,g)
before, we assume ∂Vt∂s
is constant as s → ±∞. For all
(s,g)
is constant as g → −∞.
t ∈ [t0 , tmax ) we assume ∂Vt∂g
At t = tmax we set Vtmax (s, g) = 0, ∀s and g < a. Since
the project cannot achieve market launch before t0 , equation
(10) is implemented for all t ∈ [0, t0 ). To account for ongoing
development costs K0 at each tj = 1, 2, ..., tmax we make the
adjustment Vt+ (s, g) = Vtj (s, g)−K0 . As above, an American
j
option formulation was implemented to account for the fact
that the project would be abandoned as soon as it had no value.

(11)

(12)

 τ is another standard uncorrelated Brownian motion
where W
t
under the risk-neutral measure Q and the risk-neutral drift is
ν τ = μ τ − ρτ

2

Fig. 2. Fitted distribution for τm .

where, similar to the cash-ﬂow driver process, Wtτ is another
standard Brownian motion under the real-world measure P
independent from Bt and WtS , and ρτ is a constant (−1 ≤
ρτ ≤ 1). Under the risk-neutral measure the process in
equation (11) becomes
t +
 t = ντ dt + ρτ dB
dG

1

Time (years)

where at each t = Tk+ we have VT + (STk ) = VTk (STk ) +
k
ϕk (STk ). The ﬁnite difference method used to solve equation
(10) where in the implementation we assumed ∂V
∂s is constant
as s → ±∞ and at each time step negative values were set to
zero to account for an American style option where the project
would be abandoned as soon as it no longer has value.
As mentioned, a key aspect of the formulation presented
here is the timing risk associated with when the technological
development of the project will be ready for revenue generation. As such, we ask the managers to provide a distribution
estimate for τm . Now, we introduce as second Brownian
motion with drift μτ ,
dGt = μτ dt + ρτ dBt +

0

III. R ESULTS
Here we provide a practical implementation of the methodology. We assume that a company is interested in investing
in an early stage R&D project. The managers estimate that
technology could be ready for market launch as early as 2
years from now, but if not launched within 6 years, it will
be abandoned. Speciﬁcally, the managers estimate a 20% of
market launch by year 3, 80% by year 5 and a 10% chance
of no launch within the 6 years. The ﬁtted distribution using
equation (14) is plotted in Figure 2 and the ﬁtted parameters
were a = 2.081 and μτ = 0.9782.
The market parameters are assumed to be as follows:

(13)

By choosing a boundary at at some value a we can calculate
the distribution of the hitting time such that P(τm ≤ t), where
τm = min(t ≥ 0, Gt = a), as




a − μτ t
−a − μτ t
√
√
+1−Φ
. (14)
Fτm (t) = e2μτ a Φ
t
t
We use equation (14) to match the managerial estimated
distribution for τm to determine appropriate values for a and
μτ and constrain a > 0.
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Fig. 3. Project value as a function of ρS and ρτ .
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Risk-free rate: r = 3%
Expected market growth: μ = 10%
Market volatility: σ = 10%.

Managers have estimated the cash-ﬂows to be as depicted in
Table I and the correlation of the cash-ﬂows to the traded
index are estimated to be 0.5. The cost to enter the market for
the technology K was estimated to be $50 million and year
per-market expenditures were estimated to be $5 million. The
value of the project was determined to be $71.2 million for
the case where the timing had a 0.5 correlation to the market
index. Figure 3 plots the project value as a function of both
ρS and ρτ . As can be seen from the ﬁgure, the project value
is more sensitive to ρS however, the timing estimates have a
signiﬁcant impact on the overall project value.
TABLE I
M ANAGERIAL S UPPLIED C ASH -F LOWS (M ILLIONS $).

Low
Medium
High

τm + 1

τm + 2

τm + 3

τm + 4

τm + 5

τm + 6

10
30
50

20
40
70

20
50
100

10
60
120

10
60
130

5
50
120

R EFERENCES
Black, F. and M. Scholes (1973). The pricing of options and
corporate liabilities. Journal of Political Economy 81,
637–659.
Block, S. (2007). Are real options actually used in the real
world? Engineering Economist 52(3), 255–267.
Brennan, M. J. and S. Schwartz (1985). Evaluating natural

38

Proceedings of ROW15 - Real Option Workshop

R&D alliances timing under uncertainty: from
theory toward experiments
Azzurra Morreale

Liam Rose

Department of Economics and Management
University of Trento
Trento, Italy
azzurra.morreale@unipa.it

Department of Economics
University of California, Santa Cruz
Santa Cruz, USA
lrose1@ucsc.edu

Giovanna Lo Nigro
DICGIM
University of Palermo
Palermo, Italy
giovanna.lonigro@unipa.it

aspects of managing real options [2]. These studies highlight
that individuals exhibit systematic deviations from the
predictions derived using normative models [10].

Abstract— There is a growing awareness that managers have
cognitive biases when making investments decisions under
uncertainty. There is evidence of deviation from the predictions
derived using normative models, such as real options models. The
proposed research sheds light on the importance of integrating
normative models with experimental methods in order to predict
and explain such cognitive limitations. To this aim, starting from
a real options model dealing with alliance timing decisions, we
propose a simple design of an experiment, that can been used to
test some of the fundamental insights of real options theory in the
context of R&D alliances.

This research attempts to extend the boundaries of real
options analysis to environments where people have biases in
their decision-making, especially in the context of R&D
alliances and merger and acquisitions. Consistent with neoclassical rational theory, prior studies show that mergers are
driven by rational expectations of growth options, synergies or
reallocation of assets in a response to industry shocks. The
rational view also includes real options models, where
decisions such as acquisitions waves for example are driven by
growth opportunities [11]. However, contrary to rational
theory, decision makers may act irrationally when making
acquisition choices under uncertainty [12,13, 23]. Investors’
exuberance, positive sentiments of boards as well as cognitive
biases - such as risk aversion - influence companies’
acquisition behaviour under uncertainty. To use Smit and
Lovallo’s [13] words, “ acquisition strategy is vulnerable to the
way managers perceive risk and losses, judgment biases in
their strategy, the bidding behaviour of rivals and mispricing in
financial markets”.

Keywords— Real options; R&D alliances; behavioural decision
theory.

I.

INTRODUCTION

It is widely accepted that many of the investments
decisions facing with uncertainty can be characterized as real
options problems [1,2]. Consequently, the development of
normative techniques to evaluate real options investments has
gained increased attention. As a matter of fact, real options
analysis (ROA) has been recognized as a tool to evaluate
investments that involve a significant amount of uncertainty
[3]. Recently ROA has been using also to evaluate R&D
alliances established between firms [4,5,6,7,8]. These
agreements not only generate stochastic benefits (uncertainty)
but also bring sunk costs (irreversibility). In addition, a key
element in these agreements is flexibility: firms have the
opportunity, but not the obligation to sign an alliance, or
sometimes the right to renew an existing one. In other words
they can wait to form an alliance when more information is
available. Therefore, analyzing R&D alliances in a real options
framework can precisely capture these important three aspects
[9].

The controlled environment of a laboratory setting may
allow us to take these important aspects into consideration and
to get a better idea about how subjects make risky decisions in
the particular context of R&D alliances and mergers and
acquisitions.
With this aim, starting from a real options model available
in literature (developed by Lo Nigro et al. [8]) that deals with
R&D alliance timing decisions in a stochastic environment, we
propose a design of experiment that can be used to test if
people make decisions conforming to the normative model.
We also conducted a pilot that illustrates how the design could
be implemented.

Despite the normative work on real option valuation, only
recently some researches have called for studying behavioural
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The remainder of the paper is organized as follows. In the
next section we provide an overview of the experimental
methodology. Both advantages and possible shortcomings are
discussed. In section III we discuss the relevant literature. In
section IV we present the theoretical model, while in section V
we describe the design of the experiment conducted. In section
6, conclusions are drawn and further developments are
anticipated.
II.

of proposed aircraft, helicopters, cars, and trains. The wind
tunnel provides the engineer with valuable data on scale
models much like the lab provides economists with important
insights on an economic phenomenon”[16]. Moreover, in cases
where collection of field data is expensive, an experimental
approach can be used as a less costly alternative to generating
the desired data [14]. Through rigorous testing and re-testing,
it is possible to obtain important insights on an economic
phenomenon. Then, the researcher can investigate more in
details the phenomenon in the field, at a more expansive cost.

THE EXPERIMENTAL METHODOLOGY: AN OVERVIEW

The use of laboratory experiments has grown significantly
over the last few decades in economics and in finance as well
as in other several fields. In fact, there are numerous
advantages in adopting such an approach [14, 15, 16]. First of
all, experimental economics allow for a controlled
environment where data are generated. By making ceteris
paribus changes in the exogenous variables, the researcher can
easily evaluate and compare alternative theories. Second, data
are replicable. Whereas it could be very difficult to replicate a
field data set, it is easier to reproduce the experiment and
replicate the results. In addition, many variables cannot be
observed in the field, but they can be observed in the
laboratory [14]. It follows that the laboratory approach
sometimes could be the only way to test a theory, such as the
real options theory. As Yavas and Sirmanas [14] point out,
empirical testing of real options has been scarce. This is
primarily due to the problems that researchers face in obtaining
“key variables” in real options, i.e. reliable data on such
components of the real options approach as the current and
future value of the underlying asset and the variability of value
[14,16]. As a matter of fact, such information is very difficult
to estimate from the field data. Conversely, such data can be
easily generated in a laboratory experiment. In addition, even
if data are available, very often they are not available in the
form that would respect the assumptions of the theoretical
models. This is particularly true in individual choice problems
and game theoretical analysis [14].

III.

RELATED LITERATURE

As Moel and Tufano [17] note, “ empirical research on real
options has lagged considerably behind the conceptual and
theoretical contribution”. In the last decade, researchers have
been using laboratory experiments to study real option theory
empirically.
In Miller and Shapira’s [2] work, decision makers are
presented with simple binary lotteries and asked to specify the
price for selling or buying a call or a put option for the
gambles. The results show that the value of the price specified
for selling and buying the derivate do not coincide, suggesting
inadequacy with the normative model’s descriptive power [10].
Yavas and Sirmanas [14] investigate the option “wait and see”
in the laboratory. The results of their experiments highlight
that fundamental insights of real options theory are not so
evident to individual investors. As a matter of fact, the
majority of subjects tend to invest too early compared to the
optimal timing suggested by the theoretical model and thus fail
to realize the benefits of waiting. Close to the spirit of this
paper, Oprea et al. [18] investigate behaviour in uncertain
investment opportunities governed by Brownian motion. Their
results indicate that people can closely approximate optimal
exercise of wait options if they have decent chance to learn
from personal experience [18]. In fact, while at the beginning
investors tend to exercise the option prematurely, over time
their average behaviour converges close to the optimum. In
Murphy and Knaus [10] work, a decision maker must choose
how much to invest in a risky environment that evolves over
time. Their experimental results contrast predictions from
theory.

Despite these undisputed advantages, perhaps the most
fundamental question in experimental economics is whether
findings from the laboratory are generalizable outside of the
laboratory (external validity). This consideration calls for the
well-known tension between internal and external validity of
the experimental methodology. Internal validity very often
requires abstraction and simplification of theory in order to
make the research more tractable. However, as both abstraction
and simplification increase, the external validity decreases
[15]. On the other hand, most of the economic models are
unrealistic, e.g. they leave out many aspect of the reality.
However the simplicity of a model very often is an advantage
because it enhances our understanding of the interaction of
relevant variables. Similar considerations also hold for a
laboratory experiment. At a minimum, laboratory experiments
can provide a crucial first understanding of a theory and can
suggest underlying mechanisms that might be at work when
certain data patterns are observed. A metaphor provided by
Levitt and List [16] illustrates this concept. “ ..experimenters
are like aerodynamicists who use wind tunnels to test models

These findings suggest innate behavioural tendencies that
are contrary to the normative dictates as most of the above
works highlights that people have biases in their decisionmaking. However, these studies have investigated human
choice behaviour in investment decisions under uncertainty,
while our research deals with human choice behaviour in
alliance decisions under uncertainty. In addition, while in these
previous studies subjects made choices where a simple and
discrete (traditionally binomial) stochastic model that governs
cash flows was considered, we propose a design where a more
realistic and continuous stochastic model that governs cash
flows is considered, such that subjects are confronted with
multiple outcomes.
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IV.

THE THEORETICAL MODEL (MONOPOLY CASE)

A. Problem description
As noted previously, we refer to a theoretical model
developed by Lo Nigro et al. [8] who introduced and analyzed
the effect of competition in biotechnology industry by
modeling the decisions of whether and when ally with a
pharmaceutical company through a real options game.
To better understand the design of the experiment we
propose, let us briefly recall the theoretical model in the
monopoly case. Consider a firm, named firm A, which is
working on a research and development (R&D) project. Also,
consider a simple setup in which there are two stages of the
development process. The first stage, named R&D stage,
includes the research phases as well as the development phase.
In the second and final stage the project is approaching
commercialization. The market value of the project is
uncertain and it can change during the first stage. In particular,
let the market value projection over time be represented by a
non-negative random process V(t). In our analysis we make the
additional assumption that V(t) follows a geometric Brownian
motion (GBM).

Fig. 1. Extensive form of the tree

The game can be solved via backward induction procedure.
Therefore, we start from the second stage where firm A has to
decide if ally or not with firm B and go back to the first stage.
It is straightforward to see that we can obtain three possible
scenarios (j) of equilibrium for the game. These are (see
TABLE I): Firm A’s alliance at stage 1 (equilibrium Q1), Firm
A’s alliance at stage 2 (Q2), and no Firm A’s alliance (Q3).
TABLE I.

At each stage, the firm will have the option to form an
alliance with firm B. Firm A can also choose to forgo the
alliance and choose to enter the market alone. The sequence of
the game is as follows. At the beginning of the first stage (t=0),
firm A’s project value is given by V0. Firm B offers an alliance
contract to Firm A consisting of an ex-ante payment P1 and
percentage of royalties retained by firm A equal to 1-α1,
0<α1<1. If firm A rejects the offer, the decision game is
repeated. In the second stage (t=1, with T the length of the first
stage), Firm B offers a different alliance contract consisting of
an ex-ante payment P2 and a percentage of royalties equal to 1α2, 0<α2<1. If firm A rejects this offer, the firm proceeds to the
final market unassisted.

SCENARIOS OF EQUILIBRIUM (MONOPOLY CASE)

Qj=1,2,3

Q1

Q2

Q3

Firm A

Alliance at first
stage with Firm
B

Alliance at
second stage
with Firm B

No alliance

B. Computing payoffs
As mentioned, the pharmaceutical process is split in two
stages: the R&D stage and the commercialization stage, with
the market value of the project that is uncertain and able to
change during the first stage. As a consequence, the R&D
stage is an option for the second and final stage. This means
that the process can been seen as a 1-fold option, i.e. a simple
option. Accordingly, we can model it with the Black and
Sholes approach, which ensures the flexibility offered by the
option to decide further investments when more information is
available. Adopting such an approach means assuming that the
value of the project V0 at the beginning of the first stage
follows a geometric Brownian motion and as such this value,
at maturity T (i.e. at the end of the first stage or alternatively at
the beginning of the second stage), is a known realization from
a lognormal distribution. Then, the second stage payoffs are
function of the known realization of the value of the project at
maturity (VT). At the beginning of the second stage, uncertainty
is solved and the realization of the underlying is known (see
Fig. 2, where a possible realization at maturity is indicated). In
other words, after the R&D stage, the company has more
information about the value of cash flows coming from
commercialization.

In each stage i, an investment payment Ii must be made. If
an alliance is formed at stage i, the size of the project’s market
increases relative to the case of no alliance by an amplification
factor δ > 1. This factor reflects the value added to the project
by the synergies derived from the alliance. In order to keep the
model as simple as possible, we assume royalty payments are
the same regardless of when alliance was formed (i.e. α1 = α2 =
α). Thus, if an alliance is signed, the value of the project will
be multiplied by K, with K equal to δ(1- α).
Fig. 1 depicts the extensive form of the tree. Note that
C(S;X) is the value of the call option (computed through Black
and Sholes formula (Black and Sholes, [19]) with underlying S
and exercise price X .
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Since the payments in the second stage are linear function
of the value of the project, if Firm A decides to wait and sign
an alliance at the second stage, she will receive a P2, which is a
realization from a log-normal distribution with mean and
variance equal to:

Underlying Value
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E[VP2(T)]=V0(1-K)erT

(5)



Var[VP2 (T)]=V20 (1-K)2e2rT(es2T -1)

(6)

Conversely, if firm A signs an alliance at the first stage, she
will receive a sure payment P1 computed as a difference of two
calls options1.



Time (t)

Fig. 2. Underying value representation (Considering 10 replications) from the
beginning to the end of the first stage

Under this setting, we find the threshold payments, i.e., P1
and E(P2), that determine the possible scenarios of equilibrium
(TABLE IV).

In this way, the payoffs in the first stage are computed as
call European options C(S;X) in order to take into account
uncertainty in this stage (please refer to TABLE II).
TABLE II.

TABLE IV.

THRESHOLD PAYMENTS (P1 AND E(P2)) AND POSSIBLE
SCENARIOS OF EQUILIBRIUM IN THE MONOPOLY CASE

P1

ELEMENTS NECESSARY TO COMPUTE FIRST STAGE PAYOFFS

Qj=1,2,3

Q1

Q2

Q3

Sj

C1

C2

C3

KV0

KV0 + E(P2)

V0

Exercise price (X )

I2

I2

I2

Net Invest. (t=0)

I 1 - P1

I1

I1

Underlying (Sj)
j

Low
Lo
w

High

E(P2)<V3- V2

P1 < C3 - C1
No Alliance

P1 > C 3 - C1
Firm A first
stage

E(P2)>V3- V2

P1 < C2 - C1
Firm A second
stage

P1 > C2 - C1
Firm A first
stage

E(P2)

Conversely, the simple NPV is used to compute the second
stage payoffs (please refer to TABLE III).
TABLE III.

Hi
gh

ELEMENTS NECESSARY TO COMPUTE SECOND STAGE PAYOFFS
Qj=2,3

Q2

Q3

Project Value Vj

KVT

VT

Net Invest. (t=0)

I2 - P2

I2

Specifically, the normative model suggests that, if firm B
does not offer a considerable amount of payment in the initial
stage, i.e., P1 low, firm A firm might profit more from waiting
until the second stage to possibly obtain better payment
conditions. In the second stage, in fact, firm A will ally with
firm B only under favorable expected payment conditions, i.e.,
high values of E(P2). Otherwise, firm A should continue the
R&D process on her own. Interestingly, if, in the first stage,
the payment conditions are sufficiently high, firm A will sign
an early alliance independently of any expected value of P2.

In particular, at the beginning of the second stage (i.e. at
t=1) the value of the project V(T), is log-normally distributed
with mean and variance equal respectively to:
E[V(T)]=V0erT

(1)

Var[V(T)]=V20e2rT(es2T -1)

(2)

To better visualize these results and provide a practical
application of the relative insights, we complement the
analytical derivation with a numerical analysis, assuming high
values of E(P2). Given this assumption, depending on the value
assumed by P1, the equilibrium suggested by the model would
be an alliance at the first or at the second stage.

Where s is the volatility of V0; and r is the risk-free interest
rate.
If an alliance is formed, the value of the project will be
V0K, where V0 follows a Geometric Brownian Motion as
above. In this case, the value of the project VK(T) at t=1, is
log-normally distributed with mean and variance equal
respectively to:

1

Readers can refer to Lo Nigro et al. [8] for an exhaustive description of the
model.
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Consider the following set of parameters: V0 = $400, s =
30%, r = 5%, I1 = $75, I2 = $180; T=2, δ (2.2). Fig. 3 identifies
the region of alliance as a function of P1 and α. Therefore,
assuming a payment P1 equal to 17.8 and α = 0.6, the
theoretical equilibrium is the alliance at the second stage.

Studying such a situation would allow us to test an
important factor that can influences people in making alliance
decisions, i.e. their risk preferences. Works on risk attitudes
assume risk aversion [2]. “The preference for the sure gain is
an instance of risk aversion. In general, a preference for a sure
outcome over a gamble that has higher or equal expectation is
called risk aversion, and the rejection of a sure thing in favor
of a gamble of lower or equal expectation is called risk
seeking” [20]. Evidence suggests that the same person may
behave as risk averse and risk seeking in different situations
[21]. In particular, when dealing with risky alternatives with
gains as possible outcomes, people appear risk averse; when
dealing with risky alternatives with possible loss outcomes,
people tend to be risk seeking [2,20]. It follows that whether
choices are framed as gains or losses is crucial to evaluate
individuals’ risk preference. In our case, people will choose
between a sure payoff and gains as possible outcomes.
Therefore, we can test the risk-aversion hypothesis. As a
matter of fact, they will choose between a positive sure
payment P1 and a risky positive payment P2, which is lognormally distributed as previously shown. Therefore, as said
earlier, a more risk-averse individual will be more likely to
choose the sure payment.

P1
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Fig. 3. P1 threshold (P1= C2- C1) when E(P2) is high

When “waiting” is the optimal strategy, do investors
postpone the alliance decision until uncertainty is resolved (i.e.
in the second stage)? In other words do people, on average,
make decisions conforming to the theoretical model? One
factor that influences this kind of decision is risk-aversion.
Consider P1= C2-C1, i.e. equal to the threshold payment. In
such a case according to the normative model, people should
be indifferent between signing an alliance at the first stage
rather than at the second stage. However a more risk-averse
individual will be more likely to choose the sure payment. Do
people prefer a sure payment at the first stage upon a risky
payment at the second stage that could be either higher or
lower? We designed an experiment that explicitly takes into
account this important aspect.
V.

TABLE V.

DIFFERENT VALUES OF THE SURE PAYMENT (P1) AND THE
EXPECTED VALUE OF THE RISKY PAYMENT (P2) AT T=0, WHEN I2=18; K= 0,88;
S =0.4; R = 0.05 AND V0 VARIES FROM 30 TO 41.

P1 CERTAIN PAYOFF (B&S)
17.84
17.03
15.88
15.6
14.35
13.33
13.22
12.12
10.92
10.07
9.40
8.69
7.92
7.70
26.72
31.28
36.23
35.68
36.62
18.24

DESIGN OF EXPERIMENT

We provided people with 20 choices between a sure
outcome and a risky one.
In particular, we chose input parameters in order to obtain a
high value of E(P2) and P1= C2-C1. Given our assumptions
about the diffusion process of V(t), the decision maker
(assuming she is playing the role of firm A) has to choose
between a sure payment if she decides to ally at the first stage
and a risky payment from a continuous distribution - in
particular lognormal distribution - if she decides to ally in the
second stage. Furthermore we chose input values in order to
have P1 almost equal to the discounted E(P2), so that people
made a choice between a sure outcome and a risky one with
the same expected value (TABLE V shows different values of
the sure payment (P1) and the expected value of the risky
payment (P2))2.

DISCOUNTED E(P2)
17.86
17.03
16.36
15.6
14.42
13.12
13.13
11.99
10.92
9.98
9.15
8.30
7.15
6.79
26.75
31.29
36.23
35.69
36.80
17.46

A. Implementation
We conducted a pilot with nine students from University of
California Santa Cruz.
The experiment was implemented using z-Tree software
[22]. The session lasted about 40 minutes. Data were collected
individually, i.e. each participant was instructed and
participated in the experiment individually. In addition, there
was neither practice trials nor time pressure. In particular

2

It is straightforward to see that when V0 is higher than I2, the sure P1 tends to
be almost equal to the discounted expected value of the risky payment (P2). In
fact, the higher the underlying value compared to the exercise price, the higher
the probability to exercise the call option. In such a case, the sure payment (P1)

and the discounted expected value of the risky payment are assumed to be
almost the same value.
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subjects were provided with the following instructions
describing the task and the interface of the computer program
that was used to administer the experiment (Fig. 4).

Consequentially, you could receive a certain payoff or a
payoff with uncertain outcome, which could be higher or lower
than the certain one. Your TASK in this game is to choose
between a certain payoff and a payoff with uncertain
outcome. You will be shown both the amount of the certain
payoff and the distribution of possible outcomes for the
uncertain payoff before being asked to make a decision. The
sequence of the game is as follows. At the beginning of each
round, the large firm will offer you an alliance contract. You
may use to accept this payoff: in which case the round will
conclude. However, you may also choose to forgo the
guaranteed payoff, and instead take a payoff tied to the value
of your project.

B. Instructions
Welcome! You are about to participate in an experiment in
the economics of decision-making. If you listen carefully and
make good decisions, you could earn a considerable amount of
money that will be paid to you in cash at the end of the
experiment. The rules for the experiment are as follows. Do
not talk or communicate with other participants. Do not
attempt to use the computer for any other purpose than what is
explicitly required by the experiment. This means you are not
allowed to browse the internet, check emails, etc. If you violate
any of these rules, you will be asked to leave without pay. Feel
free to ask questions by raising your hand or signaling to the
experimenter. During the experiment your entire earnings will
be calculated in points. At the end of the experiment the total
amount of points you have earned will be converted to dollars
at the following rate:
(Some points)=1$
You are in control of a company that is working on a risky
R&D (research and development) project with potential
significant profit. A large firm that specializes in taking these
kinds of projects to the final market will offer to form an
alliance with you that will make your profit higher.
Specifically, the large company will offer you two different
kinds of contracts: a sure contract and an uncertain one.

Because the development of the project is risky, its value
changes random. As a consequence, the alliance contract
offered by the large firm – and hence your payoff - changes
randomly. This means that it might go higher than the certain
payoff, earning you more points. It is also possible that the
payoff will be lower, earning you less points. If you choose
this option, you will take a payoff randomly picked up from a
given distribution, which is shown to you on the screen. You
will be playing several rounds of this game, but your decision
in a given round does NOT affect any other round.

Fig. 4. Screenshot shown during the experimental game

subjects who choose the certain payment and the risky one was
the same, a large proportion of people preferred the risky
payment over the other rounds (or alternately they preferred
solving the uncertainty and signing the alliance at the second
stage).

C. Results
Fig. 5 graphs the proportion of subjects who chose to accept
the certain payment and the risky payment. Except for rounds
(1-14-15-16-19) where most subjects preferred the certain
payment, and for rounds (7-17-18) where the number of
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case), but also uncertainty about reactions of competitors. How
does the presence of competition influence people decisions?
For instance, it is recognized in option pricing literature that, in
absence of competition, an incumbent firm would delay project
initiation. Conversely, ceteris paribus, the presence of
competition may speed up a firm’s planned investment [24].
Under particular values of the input parameters, we find the
same situation in the alliance timing problem under uncertainty
(see Fig. 6). In fact, given the same input parameters, the
optimal time to sign the alliance is the second stage when the
monopoly case is considered, whereas it is the first stage when
the duopoly case is considered.

 
 
           



 

Fig. 5. Number of subjects who chose the certain payment or the random
payment over the 20 rounds.

We can imagine that, given higher values of P1 ceteris
paribus (so that the equilibrium would be to sign the alliance at
the first stage), subjects would have preferred taking the risky
payment and signing the alliance at the second stage, deviating
from the optimal time suggested by the normative model.
Therefore, as anticipated in the introduction, risk preferences
people do influence important investment decisions under
uncertainty, also in the context of R&D alliances. Moreover,
while evidence suggests that, when dealing with risky
alternatives with gains as possible outcomes people appear risk
averse, our very preliminary results do not seem confirm this
result. The intuition behind is that people could make different
decisions when they face with outcomes continuously
distributed.
V. CONCLUSIONS AND FURTHER DEVELOPMENTS
Fig. 6. P1 Threshold when E(P2) is high (monopoly and duopoly case)

There is a growing awareness that a large proportion of
acquisition strategies fail to deliver the expected value. Too
often managers make risky investments decisions based on
their intuition or on their cognitive biases – such as risk
aversion – exposing their companies to potentially costly
pitfalls [23]. This important consideration calls for integrating
mathematical models used to evaluate investments under
uncertainty (i.e. real option models) with experimental
economics methods in order to predict and explain the decision
process, preferences and cognitive limitations that the real
decision makers exhibit when deliberating over complex
options.

Given the same payments conditions in the duopoly
structure, does the first mover anticipate the alliance at the first
stage in order to pre-empt the follower? It would be very
interesting to study what it can happen empirically in such a
situation.
Second, our study builds also on an active literature of risk
choice and individuals’ risk preference [25,26]. More recent
writings include Miller and Shapira [2] and Andreoni [27]). In
these studies, risky choices involve probabilistic and discrete
outcomes. Since we use the well known Black and Sholes
formula (which assumes that the distribution of possible stock
price at the end of any finite interval is lognormal), our first
goal is to study individuals’ risk attitudes when facing a choice
between a sure outcome and a risk alternative coming from a
continuous probability distribution. To the best of our
knowledge, no previous works have considered risky outcomes
as continuously distributed. Therefore it would be interesting
to compare this continuous distribution (i.e. many outcomes)
with simple binary lotteries with the same mean and variance.
Based on the preliminary results of this research, we contend
that people could make different decisions in front of the same
risky problem. If it is the case, researchers should put attention
also on the particular model used to evaluate risky investments.

Starting from a real options model dealing with alliance
timing decisions, we propose a simple design that can been
used to test some of the fundamental insights of real options
theory in the context of R&D alliances. With this aim, we
conducted a preliminary pilot that illustrates how the suggested
design could be implemented. Of course, to effectively test the
theoretical model, several rounds of the game should be played
by a larger number of subjects.
There are several directions to build upon this work for
future research. First, a comprehensive work should include
the more complex duopoly case (please refer to Lo Nigro et al.
[8]), in which people should make decisions regarding the
optimal time considering not only uncertainty on the project
value due to the nature of the setup (such that in the monopoly
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Abstract— This paper studies real option values (ROVs) and
financial ratios of Finnish stock-exchange listed companies using
yearly financial data, i.e., financial statements and market
valuations from Talouselämä database. The analysis is based on
several clustering analysis methods to find out which financial
ratios are linked to different levels of ROVs. We have selected the
financial inputs in such a way that they include the key drivers of
companies’ market values above their fundamental book values
to get a proxy for their real options values. We interpret the
clustering results and argue that the method is applicable and
valuable both for general descriptive purposes also for various

market actors, such as private investors, venture capitalists and
corporate acquirers in their decision making related to their
target’s or portfolio elements’ upside potential. We find many
interesting future research opportunities on real options
perspective.
Keywords—Real
clustering
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