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Abstract

Risk management is crucial when committing investments in electricity markets. Investment
projects for the generation of electricity are capital-intensive, in large part irreversible and future
performance is subject to high uncertainty. Fortunately, most power generation projects have
strategic flexibility for handling uncertainty and for mitigating risks under unfavorable scenarios.
Modern corporate finance recognizes Real Option analysis (ROA) as the correct way to value
investment projects with these characteristics. Due to both, environmental concerns and
escalation of fuel prices, electricity generation from renewable sources has grown dramatically
worldwide over the last decade. Renewable investment projects share many of the features
mentioned. As such, option valuation methods should be applied to estimate the monetary value
of flexibility in renewable energy investments. This work presents an appropriate methodology
for assessing the economic value of a photovoltaic power plant under uncertainties. ROA is
applied to determine the value of delaying the investment decision while waiting for better
market information that would reduce acquisition costs due to progress in solar technology. The
flexibility of relocating the solar facility in the future upon the appearance of a more attractive
site in terms of cost, network accessibility or regulatory policies is also valued. The problem of
option valuation is solved through stochastic simulation combined with recursive approximate
dynamic programming techniques. The methodology developed might be used by investors for
more efficient decision-making and by regulatory agencies for designing adequate support
policies that encourage investment in renewable energy generation.
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1. Introduction

Today, the clean energy industry is one of the most dynamic sectors of economy worldwide.
Many different types of support policies for the use of renewable energies sources (RES) have
been established throughout the world in order to diversify the energy mix, lessen dependency on
fossil fuels and reduce greenhouse gas emissions while meeting the growth in electricity
consumption.

During the last 25 years, solar photovoltaic generation (PV) has evolved from small-scale off-grid
applications to utility-scale power plants connected to public electricity networks. The compound
growth rate of PV installed capacity in the world is about 30% in the last five years [1],[2]. By
the end of 2018, the global cumulated installed PV generation capacity crossed the 500 GW
milestone [2]. Nowadays, solar PV has become a mainstream generation source representing
around 7% of the total installed capacity worldwide and 2.6% of the global electricity
consumption [2]. By year 2040, the International Energy Agency (IEA) anticipates solar PV to be
the first power source, amounting 4240 GW of cumulated capacity (29% of world generation
capacity) and meeting 17% share of the global electricity demand under a sustainable
development scenario [3].

Only in 2018, 102 GW of new PV power capacity were installed all over the world, exceeding
the combined net capacity additions of coal, gas and nuclear together [4]. This represented a flow
of about 161 billion USD in solar energy investments [5],[6]. Massive solar expenditures will
continue in the next years. Over 1TW cumulated solar power capacity is expected to be reached
before 2023 [4]. Building this huge solar generation infrastructure would entail roughly 1 trillion
dollars in investment decisions within the next five years.

The extraordinary surge in solar investments poses a very significant question on the economic
efficiency of decision rules used to allocate the massive capital resources needed for meeting
these anticipated targets. In the liberalized electricity industry, investment projects in power
generation are exposed to numerous uncertainties related to competition, volatility of fuel and
electricity prices, technological advances, environmental issues and changing regulatory policies,
among others [7]. An increase in levels of uncertainty causes greater perception of risk by agents
participating in the generation business when evaluating, executing and recovering investments
by traditional valuation techniques.

Classical decision rules based on discounted cash flows (DCF), such as the net present value
(NPV) or the internal rate of return (IRR), are often inappropriate for assessing real investment
projects which present embedded flexibility in decision-making for contingently managing
uncertainties [8-9]. This 1s due to the fact that classical DCF-based rules do not consider the
flexibility for dynamically changing investment decisions as uncertainties are resolved
progressively over time. When market conditions are highly uncertain, as it is indeed the case for
solar investments, projects with flexibility and options can add significant economic value and
may turn investment opportunities very attractive [10].

Investment opportunities in real assets may readily be assimilated to options traded in financial
markets [11]. Real Options provide the conceptual and theoretical framework for appraising
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strategic flexibility in real projects to dynamically revise or change investment decisions upon the
arrival of new market information.

Option pricing models are used to determine the theoretical value of an option for a set of
stochastic variables. Different approaches have been developed to value financial options, e.g.
models based on closed-form solutions of stochastic differential equations [12], dynamic
stochastic programming approaches [13] and simulation models [14].

The analytical models proposed in [12] and [13] present important limitations when applied to the
evaluation of real options in power infrastructure investments, mainly because the behavior of
market variables do not comply with some theoretical provisions, i.e. returns must obey a log-
normal probability distribution and return volatility should remain constant over time
[12],[15],[16].

Unlike analytical approaches, simulation models are flexible and adapt well to the observed
behavior of variables in the electrical market. Simulation-based models are readily applicable
when the value of the options depends on multiple factors, the options present both path-
dependent or American-style characteristics, and the state variables follow general stochastic
processes, such as jump diffusions, non-Markovian processes, etc. In addition, stochastic
simulation models allow considering projects with various sequential and interacting options
(compound options). A widely used stochastic simulation technique is the Monte Carlo method.
Compared to other numerical approaches, the convergence rate of the sampling error is
independent of the problem’s dimension, which is given by the number of uncertainty sources.
Moreover, valuation models based on simulation are amenable to distributed computing, allowing
for important benefits in terms of computational speed and efficiency. Longstaff and Schwartz
proposed an approach to pricing complex American-style financial options known as the Least
Square Monte Carlo (LSM) [17]. This method is based on Monte Carlo simulation and uses least
squares regression to estimate recursively at each time interval the value of the Bellman equation
for the optimal exercise rule.

Over the last few years, research has increasingly focused on the application of the Real Options
theory to electrical generation projects. Nevertheless, literature addressing the assessment of
renewable generation projects continues to be scarce and not very systematic, and tends to
neglect interactions between the various Real Options embedded in renewable projects [18].

A critical review of Real Options theory and its applications for generation projects can be found
in [19-20]. In the field of renewable energy, wind generation projects stand out [21-24]. The real
options commonly evaluated are deferment [21-22] and growth options [18-19]. Pricing of
relocation options of renewable generation projects is an issue overlooked in the current
literature. Comprehensive reviews on the state of the art of current research trends on the
application of Real Options to renewable energy investments have been recently published in
[25-26].

Compared to wind investments, the use of Real Options for solar PV generation projects is much
more scarce [20]. Hoff et al. [27] were the first to illustrate the application of real options
analysis to solar PV investments, implementing a simple binomial tree model. Sarkis and
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Tamarkin [28] extended this approach by establishing a quadrinomial tree model. Martinez-
Cesena and Mutale [29] apply a binomial tree approach to assess the value of applying demand
response programs to off-grid photovoltaic systems. In a follow up work, they also evaluate
investments in residential PV systems subject to uncertainty on generation efficiency, as well as
uncertainty on the future development of costs of new photovoltaic modules [30].

Sarkin and Tamarkin [28] and Ashuri and Kashani [31] determine the value of real options under
uncertainty on the price of electricity and the evolution of the price of PV panels. Martinez-
Cesena et al. [30] and Weibel and Madlener [32] focus on the effect of technological impacts on
the value of a project, while Gahrooei et al. [33] concentrate on the uncertainty of demand.
Finally, Cheng et al. [34] analyze the value of the option to defer and the optimal investment
timing for solar PV projects in China. This study demonstrates that uncertainty on electricity
market reforms increases the value of the option to postpone, which causes PV energy projects to
be delayed.

Assessment of energy policies is another important area of application for real options analysis in
solar PV energy projects [31-34]. Several incentive policies have been discussed from feed-in
tariffs (FIT) schemes [35-37] to subsidy mechanisms and public investments [38-39]. Zhang et
al. [35] and Lin and Wesseh [37] have applied binomial tree valuation models to assess current
FIT schemes in China and conclude that a correct FIT value could encourage PV investment.
However, the main objective of [37] was to study the impact of externalities on the value of the
option, while the work in [35] was aimed assessing FIT policy from the perspectives of both
private investors and the government.

With respect to the exogenous sources of uncertainties considered in the current literature in the
context of PV project valuations, we find the price of electricity [21,24,27,31], the technological
uncertainty [28,33], uncertainty regarding demand growth [29,33] and uncertainty of the
renewable resource [23,24]. Additional uncertainties affecting renewable generation projects are
mainly associated with environmental policies, among them the price of carbon, CO, emissions
certificates, subsidized tariffs, etc. [21,22,24,28,31,34]. In the vast majority of these works,
uncertain variables are assumed to follow a simple stochastic process known as Geometric
Brownian Motion (GBM).Despite the important theoretical limitations of analytical models for
appraising real options previously pointed out, the current literature reflects the common misuse
of binomial lattices to solve the problem of valuing flexibility embedded in PV generation
projects. In addition, the value of the flexibility if the solar plant is moved to a better location
upon the arrival of new information has not been acknowledged by current research.

The objective of the present work is to present a methodology for the assessment of investments
in electrical energy generation based on renewable sources. More specifically, we develop a
valuation framework for grid-connected solar PV generation plants, taking into account the
strategic flexibility that the deferral and the relocation options provide for managing ongoing
uncertainties.

The Real Options Analysis technique is applied to determine the value of delaying investment
decisions while awaiting better market information and to reduce acquisition costs due to
technological progress. Independently of the deferral option, we additionally consider the
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contingent value of moving in the future the solar plant to a more attractive site in terms of costs,
grid access or regulatory policies. In order to overcome the limitations of the lattice-based
valuation techniques currently employed, this paper proposes to solve the option valuation
problem through the use of stochastic simulation combined with recursive approximate dynamic
programming techniques. Mixed and pure Poisson jump processes are postulated for describing
the stochastic dynamics of relevant uncertainties. The methodology developed may be utilized by
investors for efficient decision-making and by regulatory agencies for the design of adequate
support policies that encourage immediate investment in renewable generation.

The remainder of the article is organized as follows. In Section 2, the option valuation model for
solar PV investments is developed. Then, in Section 3 the proposed appraising framework is
applied to an exemplary solar plant project for pricing the deferment and the relocation options.
The discussion and implications of the results presented in Section 4 conclude the paper.

2. Description of the valuation model

The developed assessment methodology seeks to value the economic performance of investments
in solar generation in order to allow for optimal decisions to be made in scenarios of uncertainty.
Below, we present the valuation model and the stochastic processes that describe the involved
uncertain variables. Lastly, we describe the simulation-based valuation technique applied to solve
the optimal exercise problem of the considered real options.

2.1. Economic valuation model

Firstly, we must establish the parameters of the system (capacity, energy yield, etc.), identify the
project flexibilities (options) and recognize the sources of uncertainty that affect the project
performance and estimate parameters of the corresponding stochastic processes. In this step we
define the project’s financial data, such as initial investment outlay, annual expenses, relocation
expenditures, site leasing and/or acquisition costs, project lifetime, risk-adjusted discount rates,
risk-free rates and option expiration dates.

The average annual energy generated by the PV plant is obtained from specific engineering
programs for modelling the renewable resource (e.g. PV*SOL, PVWatts, etc.). Through the use
of a technical-economic model, we simulate sample cash flows that the solar investment project
could deliver for each realization of the exogenous stochastic processes. Stochastic realizations of
uncertain variables are generated by Monte Carlo simulations. Subsequently, a classic appraisal
of the investment project is determined by the conventional NPV method. Project’s Real Options
are priced by applying the Least Square Monte Carlo simulation method. Finally, the flexible
NPV is calculated for the solar investment project allowing the estimation of the value of project
flexibility. Decision regions and threshold values triggering decisions are determined by carrying
out sensitivity analysis. The proposed conceptual framework is illustrated schematically in Figure
1.



Investment

< s . £}
5 Sl}é Sct; IiIclai alternatives Stochactic ggﬁga?
E arameters & parameters data
§ p Real Options
=2 Average anual energy Stochastic simulation of
5= generated uncertain variables

j=]
= E
Sz * *
= g Cash flows samples

E I

[

( Classic NPV ) (Value of Real Options)

( Flexible NPV )
I
Risk profile &
Sensit 1 '
( decision reglons ) ( ensitivity analysis
( Investment decision U

Real Options
valuation

Decision-making
process

Fig. 1. Overview of the option valuation framework for PV investments

2.2. Uncertainty modeling

Future is not deterministic and as such it cannot be perfectly anticipated. Therefore, uncertainty is
a key feature of reality that must be considered when assessing irreversible investments. Indeed,
project returns may drastically be affected if future market conditions eventually change. The
random dynamics of time-varying uncertain variables driving the project’s profitability can be
described by stochastic processes.

In order to keep numerical examples simple, we take into account a single source of uncertainty
when assess each option. Nevertheless, the proposed methodology is flexible for accommodating
multiple and simultaneous sources of uncertainty. For pricing the postponement option we only
considered uncertainty on the future development of the initial capital outlay of solar projects,
which itself is strongly linked to the price of inverters and PV modules. In the case of the
valuation of the relocation option we are only concerned with uncertainty on the net revenue
accrued by the investment project.

2.2.1. Initial investment cost

The initial cost of building the PV generation facility is directly affected by the price of
photovoltaic panels and power inverters. These prices depend on the technological advances in
cell manufacturing and/or on the development of new materials as well as advances in power
electronics. Figure 2 illustrates the historical evolution of the combined panel [42,43] and inverter

prices in USA (cf. Fig. 5 in [44] and the references therein). It can be observed that sum of panel
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and inverter prices have sharply declined over the last 30 years. Furthermore, at some times the
combined prices depict upward and downward sudden movements or jumps.

PV panel + inverter price [USD / Wp]

0 1 1 1 } 1
1990 1995 2000 2005 2010 2015 2020

Time [years]

Fig 2. Historical development of the aggregate PV panel and power inverter prices

To model the uncertainty on future investment costs, a mixed stochastic model known as
Geometric Brownian Motion (GBM) [45],[46] with Poisson jumps was implemented [47],[48].
The GBM movement has a negative slope or drift, stemming from a steady decline in the costs of
both, the materials and the manufacturing processes of photovoltaic cells, panels and inverters.
The stochastic part of the GBM process represents normal market fluctuations of panel and
inverter prices. The Poisson jumps have great and sudden impact on prices, resulting from the
possible discovery of a new material, a significant improvement in the production process, a
change in photovoltaic technology, or the installation of a nearby PV panel manufacturing
facility. Increasing cost jumps due to for instance wars, financial crisis, energy price escalations,
shipping costs, taxes and other economic shocks can also happen. Negative or positive jumps
occur randomly with a known mean frequency rate!. In the literature, hybrid stochastic models
combining a GBM process with Poisson jumps have been used for modeling influence of
stochastic innovations upon market prices and for describing cost development under technology
progress [49],[50].

The equation that describes the stochastic dynamics of the investment cost I, of the PV plant

incurred at time ¢ affected by uncertainty on technological progress is given by [48],[51]:

I If the average rate of jump arrivals is time invariant, the time elapsed between jumps events are distributed
exponentially with parameter equal the mean frequency rate.
7
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where I is the investment cost at initial time ¢ = 0; @ and s are the drift and volatility of the
investment cost, respectively;/, = &/t is a Wiener process with e being a Gaussian random
variable with average zero and variance one. N, are Poisson processes representing technological
and g= EJ/, - 17 with (7, - 1) being

the proportion of the reduction of the PV panel cost due to technological innovation ;.

progress with mean jump arrival rate per unit of time /.,

O ;)= 1 when there is no jump in the interval [0,¢_. The magnitude of the jumps 7, is

normally distributed with mean /7 and standard deviation s, . The jumps are independent and

not correlated to the Wiener process /7, .

Parameters of the stochastic investment cost model are fitted by the maximum likelihood
estimation (MLE) method based on historical PV panel and inverter prices datasets. The
application of the MLE in the Itd process is discussed in [52-53], where consistency, asymptotic
normality and asymptotic efficiency of the method are proven. Here, the maximum log-likelihood
has numerically been computed by means of a metaheuristic optimization method called Mean-
Variance Mapping Optimization (MVMO) [54]. By using the Monte Carlo method for simulating
Eq. 1 with the estimated parameters, numerous samples of possible future developments of the
PV investment cost can be generated. This synthetic stochastic ensemble representing the
investment cost uncertainty is afterwards used tor valuing the deferral option.

2.2.2. Net revenue of the PV investment

For valuing the relocation option, we examine the possibility of a significant positive change in
project revenues, if more favorable market conditions arise in a location different of that in which
the plant was originally placed. We consider that at the current location the PV plant receive a
fixed tariff for the energy sold to the grid during the project lifespan. The variable subjected to
uncertainty is the project’s net revenue if the solar plant were relocated, which is defined by the
value of the energy sold minus the costs of leasing the land parcel where the PV facility would
be placed. This uncertainty is modeled as a homogeneous Poisson stochastic process [55].

The model considers that a sudden arrival of information modifies the net revenue randomly.
This new information (favorable or unfavorable) may represent, for instance, the appearance of a
more advantageous PV energy tariff in a competing jurisdiction seeking a rapid solar
development, a reduction in the cost of leasing the project site because of regional incentive
policies, or a reduction of the energy sold at the current site because of adverse changes in
congestion patterns of the transmission network?.

2 For instance, this may occur if considerable solar capacity is increasingly installed in the same area. After some
time, these additions may cause that aggregated PV output must be constrained during peak solar hours by the
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The equation (2) models the arrival of new information on the investment project’s net revenue if
solar facilities were relocated to another jurisdiction at time ¢ [55]:

R, = R, exp gxt + ./.t (Vj - l)t (2)

0 with probability 1- /,.dt

3
1 with probability /.dt )

.
o

where R, denotes the net revenue from the PV generation plant at time #, & is an annual rate of

growth/contraction of the net revenue, produced for instance by some macroeconomic effect, e.g.
inflation rate. The parameter / , represents the arrival of a Poisson event at the alternative project

site, where /, denotes the average arrival rate of new information on solar tariff in other

jurisdiction during an infinitesimal interval of time d¢. The probability that a tariff event will
occur is given by /,dt and the probability that the event will not occur is given by 1- /,dt.

Finally, y = 7, - 1 is the jump magnitude by which the net revenue modifies if the PV project
were moved. The magnitude of the revenue change is normally distributed with mean m and

standard deviation s,. Negative values of )/ represent decreasing revenues. Only one revenue

jump is admitted during the lifetime of the solar project, i.e. it is a non-renewable random
process.

Likewise the stochastic model for investment cost under technological progress, parameters of
the stochastic solar tariff model of Eq. 2 and Eq. 3 can be estimated by the MLE method. As we
do not have available historical data on solar tariff development across regions and time, we
assumed some plausible values for stochastic parameters and investigated the impact on the
relocation option value for a broad interval.

2.3. Real Options Analysis

Solar investments present very distinctive features. Typically, PV projects need very high upfront
outlays, but thereafter require low operating expenditures. These high initial investment costs are
mostly irreversible and are expected to be recovered over several years. For this reason, returns
on investments are subject to considerable long-term uncertainties.

In the presence of uncertainties, flexibility has significant economic value and it can be expressed
in monetary terms so as to be compared with other costs and benefits. Therefore, it is necessary to
have methods that recognize the economic value of the options which are intrinsic part of

transmission system operator (TSO) in order to avoid exceeding operating limits of the transmission network. Such
solar-driven transmission congestion might lead to spillage of potential PV production, therefore reducing the
amount of energy sold to the grid. Furthermore, if the PV plant would sell energy at prevailing spot prices, revenues
can be further reduced as locational marginal prices (LMP) at the connecting electrical bus can fall to a very low
value during congestion. These harmful circumstances may motivate the relocation of the PV plant to an
unconstrained area of the network in order to restore the economics of the project.
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investment opportunities. In general, flexibility or optionality is an important component and
contributes considerably to the value of an asset or investment project.

The Real Options approach, unlike NPV, appropriately treats flexibility in order to dynamically
change or revise decisions when uncertainties surrounding critical variables are resolved with the
arrival of new information. Real Options represents a conceptual extension of financial options
theory [8] applied to tangible or real assets. A financial option gives its owner the right, but not
the obligation, to buy or sell an asset at a fixed price. Analogously, a company that carries out
strategic investments has the right, but not the obligation, to take advantage of these opportunities
to obtain benefits in the future. These Real Options provides owners protection against losses
without constraining potential profits.

Real Options are present in flexible business plans, projects or investments. These options may
include: postponing construction, abandoning or selling the investment project before its
conclusion, modifying the project’s use or technology, switching inputs, changing outputs,
extending lifespan, invest in modular capacities, etc. Some of these options may occur naturally
while others need to be strategically planned or constructed at a given cost.

The Real Options analysis delivers the correct value of projects where the investment is partially
or totally irreversible, uncertainty exists with respect to the future returns, management has
flexibility to take contingent decisions and where it is possible to acquire new information about
the future evolution of a relevant variable, though this information is always incomplete.

The value of a real investment with flexibility is determined as the value of the inflexible project,
i.e. without options, calculated classically by the traditional NPV, plus the value of flexibility
provided by the embedded options as follows [56]:

E 8\7PVﬂeﬂ'bZe E= E[NPV, ;. J+ E[Real Options value] 4)

Real Options can be classified into different types. In this work, we analyse only two of the most
important and common flexibilities embedded in solar investment opportunities [56]:

Deferment: implies the right to postpone an investment foregoing immediate cash flow in
order to acquire new and better (though never complete) information.

Relocation: confers the right to move project facilities to a new site if market conditions,
regulatory policies and system and/or jurisdictional status for the project change
unfavourably in the current site or turn more attractive in the new location.

The real options of deferring or relocating the project can be readily assimilated to financial call
options. These are American-style options, meaning they can be exercised at any time until the
expiration date, and their value F(¢ w)at time ¢ and for the sample realization w is given by

[41]:

F(t,w) = max {E, & "“"P(t,w)} (5)

i (1)
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where j (¢,T) denotes the set of optimal exercise times in the interval gT%, E Q represents the

expected present value under neutrality of cumulated profits conditional upon information

available in ¢, and P(Z, X ) is the cumulated revenue function of the option at an instant of time

t . The value of the option at the expiration date 7" is given by:
F(T,w) = P(T,w) (6)

The revenue function of the defer option at a point in time ¢, is:

P(t,w) = max{(Rtw - Rg)- (Ilu - IO), O} (7
where R/ is the present value of the cumulated revenues obtained in the = stochastic sample

since the start of the project at time 7, to the end of lifetime. R is the present value of cumulated

revenues which has been relinquished by not having started the project at point in time ¢ = 0, in
other words, the difference R," - R is the value of the underlying asset denoted as S(z, w).

Likewise, I,° - I, is the exercise price K , i.e. difference in the cost of executing the project

between the instant of time L, and £ = 0.
F(t,w) = max{S(t,w)- K,0} (8)

For the relocation option, the revenue function P(#, w) is the maximum value between the
present value of the project at the relocation site PV, minus the present value of the project

placed at the current site, PV , from ¢ until the end of the project’s lifespan ¢ = T, .
P(t,w) = max{PV;?US - Plcs O} 9
P(t;, w) = maX{(Rr?Ls - Crs)- R ,0} (10)

where Rgs is the present value of the revenue in the new project location from #, until the end of
the project lifetime. C,, denotes the contingent cost of relocating generation infrastructure.
Finally, Rcs is the present value of the project’s remaining cash flow at ¢  if location keeps
unchanged. The value of the underlying asset for the relocation option is S(¢, w) = Ry - R.,and

the exercise price is K = Cpg.

Previous to the expiration date and at any time 7, the optimal strategy results from comparing the

immediate exercise value versus the expected cash flows from continuing, i.e. keeping the option
alive. The optimal decision is to exercise if the immediate exercise value (intrinsic value) is
positive and greater than the conditional expected value of continuing.
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The arbitrage-free valuation theory implies that the continuation value £(¢,w), assuming it has
not been exercised before the instant of time 7, is given by the expectation of the cash flows

generated by the option P(z,w) discounted with respect to a measure of risk-free valuation Q,

and being r the risk-free discount rate.

F(t,w) = max{P(¢, w), f(t, w)} (11)
f(t,w)= (1+ r) 'E, §(t,, w)k (12)

In order to approximate the conditional expectation function at each of the time instant 7 , a

linear combination of subsets of orthonormal basis functions {L} are used. Generally, the basis

functions used are Hermite functions, Legendre, Chebyshev, Jacobi polynomials, Fourier series,
polynomial powers, among others [17]:

¥
f(t,w)=Q / (t)*L (1, w) (13)
The values of / = are estimated by least-square regression of 7 (z,w) with M elements of the

selected basis functions and M < ¥ .

Once the continuation function is estimated, a denoted as fM(tz., w), for the instant 7, we can
determine whether the exercise of the option is optimal or not. Then, the optimal exercise

moment / *(w) for each sample w and at each instant of time ¢ occurs if the condition

P(t,w)> ?M(t[., w) 1s satisfied.

As soon as the exercise decision is identified for time ¢ , it is possible to determine the path of

the cash flows of the option for the instant Z_ . In this way, the recursive process continues

backward, repeating the procedure until the exercise decisions are determined for each exercise
time along each pathw. This recursive procedure determines the optimal exercise time for each
one of the w paths simulated.

Finally, the estimated value of the option F(z)) is computed by discounting the cash flow

resulting from the optimal exercise of the options back to the instant Z = 0, at the risk-free rate
and taking the arithmetic average over all simulated sample paths /7 :

5’ (1+ r)* F(1% w) (14)

w=1

1
E[Real Options value]= F(t,) = w

12
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Fig. 3. General procedure of the valuation of an American-style real option based on the LSM
method

The recursive calculation procedure above described is schematically depicted in Figure 3. This
simulation-based option valuation methodology is known Least Square Monte Carlo (LSM) [17].
The method combines the stochastic simulation technique (Monte Carlo) with backward dynamic
programming. The LSM method builds on the least square regression to approximate the value of
the optimal exercise function of the fundamental recurrence relationship of the dynamic
programming, i.e. the Bellman equation. The principal advantage of this method is that it
overcomes the serious limitations imposed by both analytical methods and binomial trees, to
value American-style options with underlying assets with varying probability distributions, and to
incorporate uncertain variables following different types of stochastic behavior. Furthermore,
LSM option pricing framework does not present the problem of dimensionality that characterizes
conventional stochastic dynamic programming algorithms. Further details of the LSM method
applied to real options problems can be found in [40],[41].

3. Real Options valuation of a PV generation project

In order to demonstrate the feasibility of the proposed option valuation approach, we carry out an
economic assessment of an exemplary PV generation facility with 10 MWp of installed peak
capacity®. We consider that the project’s network access and environmental permits will expire
within ten years. As such, we contemplate the flexibility of deferring plant construction and the
option of relocating the solar project before these permits expire*.

3 The PV generation project is located at 33.38°S 68.45°W, with a mean solar radiation of 5.31 kWh/m?/day. It is
estimated an overall system capacity factor of 16.8% with 20° tilted panels and fixed structures.

4 In this exemplary case study, the deferral and the relocation options are valued independently. Nevertheless, in
many cases the options interact as they might be sequentially exercised. Indeed, the exercise of the first option
(defer) may originate the possibility of subsequently exercising the second option (relocation). This type of options is
named compound options, and the full value of the flexibility result of the joint pricing. The LSM method is
particularly suitable for the proper valuation of sequential options.
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The option of deferring supposes that the investment can be postponed while waiting for new
information regarding technological progress in photovoltaic cell manufacturing. An
improvement in manufacturing technology and/or in solar materials would imply a reduction in
the project’s initial investment cost.

In the second case, we assume that the investment cost in the PV plant is decided to be incurred
immediately, e.g. the investment cost is not subject to uncertainty. The option of relocating will
be exercised if during the project lifespan certain uncertainties are resolved regarding a new
potential site which turns more attractive due to, for example, a change in regulation, incentive
policies or transmission network access. Having this flexibility typically implies incurring in
additional costs at the moment of building the project, but it opens up the possibility of the
investor obtaining significant profitability from moving the pant while limiting economic losses.

The parameters describing the economics of PV investment project and the uncertain variables
are presented in Table I and Table II, respectively. These tables show values related to the
production and commercialization of the PV energy as well as parameters of the stochastic
models that describe the random behavior of uncertain variables.

For valuing the deferral option it is considered that only the initial investment cost is subject to
uncertainty. In the case of the valuation of the relocation option we take only into consideration
the stochastic arrival of information turning attractive moving the solar project to an alternative
site. For the sake of simplicity, each flexibility option has been valued under only one source of
uncertainty.

Table I. Parameters of the solar investment project
General parameters

Installed capacity 10 MWp

Unitary investment cost? I, 0.75 USD/Wp
O&M costs (2% 1,)P 150000 USD/year
Site area 15 ha

Site leasing® 300 USD/ha/year
Relocation costd 1600000 USD

Solar energy production parameters

Expected annual energy (AC)%5e

14741.54 MWh/year

Energy sale price® 57.58 USD/MWh
Economic parameters

NPV assessment period (lifetime) 25 years

Capital cost' & 8%/a

Risk-free discount rate 5%/a

Expiration of deferral option 10 years
Expiration of relocation option 10 years

Number of simulated cash flow samples’ 10000

2 Initial capital outlay considers project engineering, environmental and grid access permits, network
connection, land preparation, civil works, water supply, material and component procurement (structures,
PV panels, inverters, cables, transformers, switching, protections, weather station, etc.), metering, SCADA,
control and communications, labour and commissioning costs.
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5 O&M costs comprise panel cleaning, preventive maintenance, repair works and spare parts.

¢ Typical rental cost of wasteland unusable for agriculture or other type of economic exploitations. The very
low land value reflects the situation of a deserted, dry region, plenty of unproductive parcels. Nonetheless,
site leasing costs may notably be higher when PV facilities are installed in productive regions.

4 Contingent relocation costs include site conditioning, environmental license and network access permits,
civil works, grid connection, water supply, disassembly and mounting of PV facilities and logistic costs.

¢ The annual production of the PV plant has been estimated by the PVWatts software from NREL [57].

f System losses are estimated as 14% and inverter efficiency is set at 96%.

¢ The interannual variability of the solar generated energy is represented by a zero-mean Gaussian

distribution with normalized standard deviation S; = 5% [58].

P Weighted average contracting price observed in August 2019 from long-term tendering process RenovAr

Round 3 in Argentina [59].
Hnterest rate of the loan to finance construction of the solar plant.

I This sample size ensures statistical convergence and a low sample error of the estimated option values.

Table II. Parameters of stochastic processes

Technological progress Variable Value
Drift a 0.07
Volatility S 0.12
Expected jump magnitude m 1.2
Volatility of jump magnitude Sy 0.05
Average arrival rate of jump /! rp 1/5 year!
Energy sale contract Variable Value
Annual revenue change b 0
Expected jump magnitude m 1.6
Volatility of jump magnitude Sy 0.15
Average arrival rate of jumps !y 1/10  year!

3.1 Stochastic simulation of uncertainty

Investment cost: By simulating the stochastic model in Eq. 1 we obtain realizations of future PV
investment costs. Figure 4 illustrates only ten simulated sample time series out of 10000 possible
future trajectories of the investment costs which evolve mainly due to technological progress.
Together with the selected sample realizations is depicted the 90% confidence interval (in dotted
line) estimated for the parameters of the mixed stochastic process. PV investment costs exhibit a
clear decreasing trend (negative drift) in addition to sudden negative jumps caused, for instance,
by new materials or technologies that cut production costs of PV cells and panels, cheaper power
electronics, installation of nearby manufacturing facilities that reduce logistic costs, etc.
Moreover, positive jumps may also occur which may be attributed to financial crises, fuel price
escalations, wars or other exogenous events that could raise the price of panels. It is interesting to
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observe that uncertainty first grows rapidly, but in the long term confidence intervals get
narrower.

Energy sale tariff: By Monte Carlo sampling the stochastic model of revenues (Eq. 2 and Eq. 3),
a dataset of 10000 possible realizations of the future PV tariff if the project were moved to
another jurisdiction with a more attractive solar remuneration regime can be generated. In Figure
4, ten possible samples showing the arrival of favorable Poisson events in the alternative project
locations are illustrated. The expected value of the energy selling price and the 90% confidence
interval if we allow the project to be moved in the future to another tariff jurisdiction is also
depicted in Figure 5. Since the mean magnitude of jumps is /77 = 1.6 and standard deviation is
s, = 0.15, the probability of observing unfavorable tariff events is very low. If these detrimental
conditions would take place, they do not have any impact as the PV plant does not be relocated.
In Figure 6, the probability density functions (PDF) of the solar tariff offered in the new site for
different time points in the future are plotted.
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Fig. 4. Ten exemplary synthetic samples of PV investment costs. Future PV costs will fall within
the plotted confidence intervals with 90% probability.
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Fig. 5. Simulated samples of possible solar tariffs arising in the future on another jurisdiction.
Along with stochastic tariff paths, it is depicted the expected value and the 90% confidence
interval of solar energy prices in the new site
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Fig. 6. Probability density functions of solar tariffs in the alternative project locations prevailing
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3.2 Traditional Valuation

The classical Net Present Value (NPV) of the solar investment project without considering
flexibility is calculated by using the following equation [60]:

& R - Cpy
NPVCZassic =E ; + )8;M - IO
& (1+ k)

(15)

e

where £ is the risk-adjusted opportunity cost of capital’>, R, is the annual revenue in year ¢,
C s are the annual expenses in operation and maintenance, I, is the initial investment outlay,
and Ty, is project useful life®’. The expected value of the NPV can be estimated by Monte Carlo
sampling of project’s revenues under a set of stochastic realizations of the uncertain variables, as

follows:
A 1 4o & e ¥
NPVclassic = _a a e : O(?(M - IOt (16)
Wu'=1l=le (1+/f) L

where # is the total number of realizations simulated and R,”is the w-th stochastic realization
of the annual revenue in year ¢ . In this case study, the sample size has been established in 10000,
which warrants a low statistical sampling error.

By applying (16) and considering the initial outlay I, equal to 7.5 million USD, the expected
project’s net present value is estimated by means of stochastic simulation as:
NPV

classic

= - 97470 USD

The resulting expected negative NPV implies that there is no creation of value in investing in this
PV generation project. Consequently, the risk-neutral decision under the classic appraisal
framework would be to reject the project and not carry out the investment. This result conforms
to the current empirical observation that profitability of medium-scale PV generation projects still
depends on the specific subvention policies.

3.3 Real Option Valuation

Real Options Analysis allows us to calculate the economic value that strategic flexibility adds to
the renewable generation project. In the following, we focus on the valuation of both, the
deferment and relocation options.

3.3.1. Deferral Option

> The risk-adjusted discount factor is calculated as the weighted average cost of capital (WACC) [60], which
represent the minimum return that the project must deliver for honoring capital resources of creditors and owners.
The WACC is computed as the average of the cost of debt and the opportunity cost of equity weighted by their
relative share. If the solar project is entirely financed with debt, as it is assumed in this study, the capital cost is equal
to the interest of the lend capital (8% per year)

6 Tax structure and tax rates widely differ across countries. Therefore, the project is pre-tax valued as federal and
state taxes are excluded in the present analysis.

7 Dismantling costs and scrap value of the solar facility at the end of the lifetime has been neglected, though the can
readily be incorporated.
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First, we prove that the theoretical conditions for applying an analytical valuation approach are
not satisfied in the case of an investment in a solar generation plant. For valuing the deferral
option by means of the binomial lattice method, one condition is that project returns must follow
a log-normal probability distribution. As we can observe in Figure 7 (left), logarithmic returns
noticeably diverge from a normal probability distribution. Indeed, the higher-order statistical
moments differ considerably from normal distribution and the Jarque-Bera (JB) test for
Gaussianity is clearly rejected at a 5% level of significance®.
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Fig. 7. Normal probability plot of logarithmic returns (left) and volatility of logarithmic returns
over time (right)

The second condition is that volatility of logarithmic returns must remain constant over time.
Figure 7 (right) shows that this condition is not fulfilled neither, as volatility clearly declines with
increasing time. As conditions for applying lattice-based methods are not verified, we rely on the
Least-Square Monte Carlo valuation approach.

Applying the LSM-based calculation procedure described in Section 2.3, we determined the
expected monetary value of the option to defer construction of the PV power plant. The deferral
option expires in ten years, i.e. the investor has permits and rights to the site for a period of ten
years in order to construct the solar project. Upon expiration, the project cannot be constructed.

Table III illustrates exemplary intermediate calculations when applying the LSM option valuation
method for 13 arbitrary stochastic sample paths w of the annual revenues R;” and the investment
costs I, . The last column (right) shows the intrinsic option value at the expiration time 7" = 10
computed according to Eq. 8. If the difference between the present value of the cumulated net

revenues up to the end of the project lifetime S(¢,w) and the option exercise price

K(w) = Iio - I, is negative, the option value at expiration time is zero. Hence, it is optimal to

8 Skewness and kurtosis of logarithmic returns are 0.56 and 2.16 respectively. The statistic of the IB test is 813.25,
largely exceeding the critical value of 5.9864 at a significance level 0=5%. The p-value is p=0.001, clearly below the

5% significance level.
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left the option unexercised, i.e. the PV project should be discarded. In this demonstrative example
of numerical calculations, this occurs only for paths 2500 and 8400.

For other sample realizations, the intrinsic value is positive. By recursively going backward in
time along each simulated path w, in each time interval ¢, the value of immediate exercising
(intrinsic value) is compared with the present value of the future cash flows if decision is delayed
(denoted as continuation value £(¢,w)). The central idea of the LSM algorithm is that the
continuation function £(¢, w) at each time step is estimated by linear regression with respect the
underlying asset S(t, w) considering only the paths w in which the option take positive value
F(t,w)> 0.

In each sample path w, the algorithm storages the option value only if the value of immediate
exercising exceeds the value of deferring investment decision one year. According to the future
development of the uncertain variables, this may happen at different times before expiration
(highlighted values). The year #"(w) in which is optimal executing the investment option for
each path w is summarized in the third column of Table III. In the second column, the option
values at time #; corresponding to each path are discounted to present time by the risk-free

interest rate r . Finally, the expected option value is computed as the arithmetic mean over all
simulated sample paths.

Table III. Exemplary calculations for estimating the expected value of the deferral option

Sample Option Optimal Optimal option exercising value [millions USD] Intrinsic value
path  value  exercise (. w) > o, (t.w) max{S(T,w) — K(w),0}
w  Flpw) %@ "¢t ottt ty =T
1 3.05 7 - - - - - - 4.23 - - 4.56
2 0.71 10 - - - - - - - - - 1.17
3 2.83 6 - - - - - 3.80 - - - 4.14
4 3.32 2 - 3.67 - - - - - - - 3.31
5 2.74 8 - - - - - - - 4.04 - 4.63
1000 291 4 - - - 3.53 - - - - - 4.90
2500  0.00 NO - - - - - - - - - 0.00 \
5000 3.38 5 - - - - 4.31 - - - - 3.00
7500 3.42 6 - - - - 4.59 - - - 5.78
8400 0.00 NO - - - - - - - - - 0.00 |
9998 1.75 10 - - - - - - - - - 2.85
9999 3.13 4 - - - 3.80 - - - - - 3.94
10000  3.56 1 373 - - - - - - - - 551

E[F(t,)| = 2.773 mill. USD

By following the described calculation procedure, the expected value of the deferral option
E §(¢,)k estimated by means of the LSM method over 10000 samples is:

Deferral Option = 2773778 USD

As a result, the expected value of the investment project considering the flexibility of delaying
decision to initiate construction is:
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NPV g, vivte = NPV jpg5i + Deferral Option

NPV gy pipie = 2676308 USD

The deferment option yields a considerable economic value as there is significant uncertainty
regarding the arrival of new information about technological advances in photovoltaic cell and
panel manufacturing, as well as power inverters. Notwithstanding the significant negative value
of the classic NPV, the value of the deferral option turns positive the flexible NPV. Unlike the
classical assessment, which suggested rejecting the investment project, option-based valuation
shows that the project would be economically viable, though the immediate decision would be to
wait for better information to begin construction of the solar generation plant.

In Figure 8, the histogram of frequencies and the estimated probability distribution of the classic
and the flexible NPV are plotted together. Note that the classic NPV is not deterministic and the
observed variability is given by the uncertainty on the solar energy generated. If the PV project
admits the flexibility to postpone the investment decision, we can observe that the investment is
never exercised if it delivers a negative value. Consequently, the expected flexible value is
considerably higher than the static NPV. The optimal time to exercise the investment option
depends on the particular path of the development of future investment costs. The histogram of
the best time to invest is depicted in Figure 9. The decision-maker would wait to invest for better
information on the development of investment costs until the expiration date with a probability of
30.47%. The PV project will be executed any time before expiration of with a probability of 68%.
The probability of rejecting the solar investment project is 1.51%.
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Fig. 8. Histogram and probability distribution of the classic NPV and the project value with
flexibility to defer investment decision.
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Fig. 9. Histogram of optimal exercising time to invest in the PV power plant

In order to build the deferment option, the investor must spend money, which could be the cost of
applying for permits and leases the project parcel with the option to buy the site in the future.
Acquiring this right provide the investor a limit on possible losses. In consequence, if favorable
information regarding the reduction of infrastructure costs, project losses would be limited only
to the cost of permits and leasing the site until the right expires. The maximum costs that
investors would be willing to pay for the deferral option is that would make the flexible NPV
Zero.

To assess the behavior of the deferral option value in function of the expiration date of the right,
we carried out the sensitivity analysis, as it is illustrated in Figure 10. We observe that as the
expiration time of the option increases, its value also increases. This behavior is due to the fact
that there is a longer period of time during which new information can arrive, and thus under
uncertain conditions the investor can decide to postpone the construction of the PV plant,
maximizing expected returns and limiting losses.

The jump magnitude associated with the relevance of the arriving information has an important
impact on the value of the defer option and consequently on the investor’s decision. Similarly, the
arrival rates of the Poisson process have significant influence on the value of flexibility. Figure
11 shows the value of the option to defer based on the magnitude and the arrival rate of
information regarding technological progress.

In Figure 11 we observe that as the magnitude of the arriving information increases, so too does
the value of the deferral option. Additionally, if the arrival rate is low (news come more
frequently), the value of the option to defer has a high value as incoming new information
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improves project value. As such, as it can be observed, in both cases uncertainty regarding the
arrival of information on investment costs improves the project’s value.

Given the importance that the magnitude of the jump in technological progress has on the value
of the defer option, we conducted a sensitivity analysis on the standard deviation of jump
magnitude, as it is shown in Figure 12. We observe that greater volatility in jump magnitude
(greater uncertainty) yields increased value of the option. These results explain the common
intuition of delaying irreversible investment decisions in environments with great uncertainty.
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Real Options analysis allows establishing an optimal decision-making region based on the value
of the driving parameters. In addition to the classic NPV rule, these decision regions are defined
by both, the deferral option value and the project’s flexible NPV value. Table IV provides the
rules that establish each of the decision-making regions. In Figure 13, Invest, Defer and Reject
regions are charted as a function of the unitary cost of investment and the option expiration time.
In Figure 14, decision regions are plotted as a function of the unitary cost of investment and
energy sale price. Note the points in the decision region diagrams where the PV project is situated
under the current circumstances.

In both figures, we observe that the zone of immediate investment is rather small and that it
corresponds to those cases where investment costs are very low. Quite the opposite, the region of
deferring commitments is quite broad. This is due to the fact that the value of uncertainty on the
arrival of information regarding technological progress is significant. Therefore, the flexibility to
defer decision to go ahead with the investment project has a considerable economic value.
Finally, there appears a zone in which the investment project would be discarded given that the
value from flexibility to delay decision does not compensate for the high investment costs. In this
zone, the flexible NPV is less than or equal to zero.

Table I'V. Rules for optimal decision-making in a flexible project

Decision Condition 1 Condition 2 Condition 3
Invest now NPV >0 Option=0 -=--mmmmm-
Defer decision =~ --mm-eemee- Option > 0 NPV fexible > 0
Reject project NPV<0O eememeemeees NPV fiexiple € 0

25



4.5

w
w»

w

N

Cost per watt peak [USD / Wp]
o e

05

Invest

0 Il Il Il
1 2 3 4

Expiration of defer option [year]

5

6

7

10

Fig. 13. Decision-making regions as a function of option expiration and the unitary investment
cost, assuming a PV tariff of 57.58 USD/MWh

w
w

w

N

Cost per watt peak [USD / Wp]
N
(&)

Defer
1.5 T
1k i
______________ 0
05
Invest
O 1 1 1 | 1 1 1 1
10 20 30 40 50 60 70 80 90

Energy sale price [USD / MWh]

Fig. 14. Decision-making regions as a function of the solar energy sale price and the unitary

investment cost, for an option expiration time of 5 years

100

26



3.3.2. Option to relocate

Assuming that the photovoltaic generation plant must be constructed now anyways, we evaluate
the Real Option of relocating the PV facility in the future to a more attractive site in order to
improve the investment project’s financial feasibility. One possible scenario that might give value
to the flexibility of relocation is the advent of aggressive regional regulatory incentives
improving the revenue of the investment project in another jurisdiction®. Other possible scenario
is a potential congestion of the transmission network caused by the connection of multiple
renewable generation projects in the same area which limits maximum production capacity at
peak solar hours, thereby reducing the investment project’s net revenue. Under these
circumstances, the PV project could be better off if it is relocated to an uncongested point of the
transmission grid.

In this section, we analyze the relocation option based on improvements in net revenue from the
sale of produced energy, under the hypothesis that another jurisdiction (e.g. a nearby federal
state) decides to grant a differential solar tariff or a more profitable contract for PV generation in
order to rapidly attract investments in renewable generation to the area.

The value of this option arises from the net benefits of moving the project to a new site if the
uncertainty regarding regulatory incentives is resolved in the short term, and allows for relocation
of the PV plant to an area which is economically more attractive. Consequently, a PV project
with the option to relocate will have more value than one without this flexibility.

With the relocation option, it is necessary to consider the leasing terms at the alternative site
where the PV facility is to be relocated for the period while the option is alive. This is an
additional cost that appears during the valuation of relocation options. Moreover, additional costs
should be considered for the use of special infrastructure that facilitates the relocation of the
generation plant (dismantling and reassembling of support structures), as well as the costs
incurred by site preparations, civil works, grid connection, permits and the logistical costs related
to the transport of the plant components. First, we will prove that necessary conditions to apply
analytical valuation approaches, such as the binomial tree method, are not fulfilled in the case of
the relocation option. In fact, the distribution of the logarithmic returns deviates significantly
from the normal distribution, as illustrated in Figure 15 (left). In the same sense, volatility of the
log returns are not strictly constant and instead increase over time, see Figure 15 (right).

9 A jurisdiction is defined as an area under a legal authority with faculties for establishing the remuneration tariffs to
PV generation produced in its territory. In practice, municipalities, districts, federal states, provinces and countries
are jurisdictional authorities that may set financial incentives to solar investments.
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logarithmic returns (right).

Next, we analyze the case in which PV solar energy price at the current location keep constant
over time and a random regulatory event with favorable information about solar tariffs in a
nearby jurisdiction may arrive in the future with an expected arrival rate of 1/10 year!. Random
changes in the value of the solar tariff have an expected magnitude of /77 = 1.6, distributed

normally with a standard deviation of s, = 0.15.

If the project is decided to be relocated, a contingent relocation cost C , of 1.6 million USD must

be incurred. The expenditures for project relocation amount about 21% of the initial investment
outlay. Under this setting, the expected net value of the relocation option computed by the LSM
valuation approach is:

Relocation Option = 2043351 USD

As a result, the expected value of the investment project considering the flexibility of moving the
photovoltaic plant to a new, more favorable site is:

NPV fexible = = 97470 + 2043351 = 1945881 USD

This result suggests that the relocation option may provide considerable value to the solar
investment project. Although the project has now a negative classic NPV value, the presence of
this flexibility changed an economically unfeasible project into an attractive investment. As a
consequence, the economic value incorporated by the flexibility encourages the immediate
execution of the photovoltaic generation project while awaiting new and better information on
solar tariffs which would improve economic profitability. The value of the flexible NPV must be
interpreted as the maximum upfront relocation expenditures that can be incurred in order to
prepare the PV facility to be movable in the future upon the arrival of favorable tariff conditions.

The sensitivity of the relocation option to various factors is consistent with what is expected
according to option valuation theory. Figure 16 shows the sensitivity analysis of the relocation
option value as a function of the expiration period of the right to move the project, while keeping
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constant the remaining parameters. Though the monetary value of relocation flexibility increases
with the expiration date of the right, we observe that it has no significant impact on the value of
the option. As the average arrival rate is ten years, after this time the growth of the relocation
option stabilizes given that, for the majority of scenarios, the good news has already arrived.

The value of the option as a function of the time rate in which new information regarding
financial incentives arrives has the opposite effect. We observe that the quicker this information
is made known, the greater the value of the relocation option, given that this allows for rapid
decision-making to improve the project’s economic returns. The evolution of the value of the
relocation option as a function of the average information arrival rate /,, is depicted in Fig. 17.

Under real option analysis, the value of the flexible investment project (i.e. with the option to
relocate) improves as uncertainty regarding the magnitude of tariffs for the solar energy
increases. Figure 18 depicts the considerable influence of the mean jump magnitude parameter
m, on the option value. Likewise, Figure 19 presents the behavior of the relocation option when

the standard deviation s, of the PV energy sale price in the competing jurisdiction increases. It

can be clearly observed that the value of the relocation option rises substantially for higher
volatility of the magnitude of the tariff jump.
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The case analyzed assesses the value of the flexibility of relocating the PV project under revenue
uncertainty because tariff changes. A similar case could be the arrival of information regarding a
drastic reduction of the cost of leasing a land parcel in an alternative site. For example, having
available a more economical site which does not currently have accesses to the electrical grid,
though this could change in the near future. The option to relocate could consider the benefit of
moving the project to this new site if uncertainty about access to the transmission network is
resolved in a fixed period of time.

Conclusion

In free electricity markets, besides having the technical tools necessary to supervise, operate and
control electrical systems, it is essential to have appropriate valuation tools so that market
participants can make efficient investment decisions under irreversibility and uncertainty.

Modern literature on the assessment of investments recognizes Real Options Analysis as an
advanced approach for valuing (partially or totally) irreversible investment projects in
environments subject to significant uncertainties and which have embedded managerial flexibility
for decision-making. Given that renewable energy generation projects commonly possess these
features, the potential of options analysis can be exploited completely.
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This work developed a methodology to assess investments in electrical energy generation from
renewable sources, particularly solar-photovoltaic generation, facing highly uncertain
environments. The monetary values of the embedded Real Options of deferring investment
decision and relocating the PV project to a better site have been assessed. The option to defer
investment decision waiting for better information on cost development and the option to relocate
project to an alternative site if more attractive conditions emerge have been analysed in this work.
At the best knowledge of authors, the value of flexibility to relocate a PV plant is an issue that
has not received attention before.

We propose random processes with jumps to suitably represent stochastic dynamics of the
relevant uncertainties surrounding the PV investment problem. Statistical tests on theoretical
conditions for applying analytical valuation approaches reject the possibility of using binomial
tree methods for assessing options present in PV investments. Therefore, the option pricing
technique implemented was based on a simulation method, known as Least Square Monte Carlo.
This valuing framework allows one to properly value American-style options and to consider
various sources of uncertainty with different types of stochastic behaviour. Option values are
mapped for a range of input variables in order to find threshold values that establish decision
regions. This form of presenting evaluation results greatly aids decision-makers to decide invest
now, defer and abandon the PV project.

Upon evaluating the option to defer, the risks of losses were mitigated as the project is not
implemented if an unfavourable scenario occurs before the option’s expiration. On the contrary,
profit opportunities are maximized, given that the project is only carried out within a favourable
cost development scenario. We observed that as the defer option’s expiration increases, the
economic value of having flexibility is greater due to the fact that the investor has more time to
make decisions using better information.

The option analysis suggests that the value of the option to move the PV plant contingent to the
favourable development of tariffs in an alternative jurisdiction may be considerable for a wide
range of parameters values. We observed that as the expected arrival frequency for new
information increased, the value of the relocation option augments rapidly. These results suggest
that relocation option of PV projects should be never neglected without a thorough analysis.

Finally, the analysis of real options allows considering investments that would prematurely be
rejected if using traditional DCF-based assessment techniques. Our results suggest that at present
many PV investment projects are being discarded too early if classical NPV rules are applied.
The problem of the allocation efficiency of massive capital resources in the PV sector is of
paramount significance as a trillion-dollar investment flow in PV capacity is expected to happen
in the next few years over the world.

In addition to the assessment of individual PV projects, it is important to note that the option
valuation framework may be used for designing optimal regulatory incentives to trigger
immediate solar investments. For this reason, the application of this tool would be beneficial for
encouraging more efficient investments in renewable generation, which in turn would help to
accelerate transition to carbon-free power systems.
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o  Uncertainty and flexibility are key in photovoltaic generation investments

e Defer and relocate solar investments allow flexibility to handle uncertainties

o Classic valuation approaches neglect flexibility and undervalue solar projects

e Real Options analysis accounts for the flexibility value embedded in PV investments

e Valuation framework may change investment decisions and renewable energy policies



