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UNDER A REAL OPTION APPROACH

ABSTRACT

Goal: The objective of this article is twofold: (i) analyze the investment in a new refinery in
Brazil and identify the optimal moment to invest; and (ii) model the crack spread adjusted
to the Brazilian market.

Design / Methodology / Approach: The main uncertainties given by the crack spread
and the foreign exchange rate were modeled as a continuous mean reversion model and
geometric Brownian motion, respectively. The project was valued based on a real-option
approach, including the option to postpone and the option to temporarily shut down. The
first was assessed from analytical solution of the differential equation, while the latter was
obtained from Monte Carlo simulation.

Results: The investment decision changes depending on the expiration date of the post-
ponement option and the stochastic treatment of the initial investment. The temporary
shutdown option increases the value of the refinery and may change the decision of post-
ponement.

Limitations of the investigation: The crack spread was modeled based on international
market because of limited availability of data from the Brazilian market. Additionally, re-
sults are dependent on the uncertainties and flexibilities modeled.

Practical implications: The analysis comprising both options is especially relevant because
there are refinery projects discontinued in Brazil, and the country is an oil products’ im-
porter.

Originality / Value: The paper contributes with an analysis in the refining industry con-
sidering the optimal moment to invest based on the interaction of two different options.
Especially original is the crack spread modeling adapted to the Brazilian market.

Keywords: Investment Analysis; Real Options Theory; Stochastic Process; Refinery; Crack
Spread.
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1. INTRODUCTION

The refining industry is responsible for processing petro-
leum and producing derivative products demanded by soci-
ety. Crude oil has no use: it is the refining process that turns
oil into various products, such as diesel, gasoline, aviation
kerosene, bunker for ships supply and liquefied petroleum
gas (LPG).

Building and operating a new refinery consists in a com-
plex and capital-intensive project, subject to several uncer-
tainties that affect its revenues and costs. The major source
of uncertainty in the cash flow is the difference between the
cost of the supply (oil price) and the value of the final prod-
ucts (such as diesel, gasoline, naphtha, and fuel oil) given by
the price of each one in the market (Kemna, 1993; Poblacidn
and Serna, 2016). While other costs can be more easily pre-
dicted, the prices of oil and derivatives are uncertain and
subject to constant variations (Imai and Nakajima, 2000).
This difference between the price of derivatives and oil is
known in the refining industry as the crack spread.

The operation of a refinery is subject to several manage-
rial flexibilities that represent opportunities to review future
actions and decisions that depend on an uncertain future
(Trigeorgis, 1993). The flexibilities and uncertainties inher-
ent in a refinery need to be considered in the assessment of
the feasibility of the investment. The discounted cash flow
(DCF) approach and its main indicator, net present value
(NPV), although widely used as the main criteria for invest-
ment decisions, do not value the implicit flexibilities present
in projects. The real options theory, however, deals with the
analysis of investment under conditions of uncertainty and
emphasizes the value of managerial flexibilities in a project.

In the context of the refining industry, the option to wait to
invest, the shutdown option and the option to switch inputs
used or derivatives produced (switch input-output) become
relevant. Other options such as abandonment and expansion
can also be evaluated. The option to wait, also called option
to postpone or to defer, is relevant to the investment analy-
sis given the high amounts associated with the construction
of a new refinery and the future uncertainty of return on in-
vestment, which depends on oil and derivatives prices. The
shutdown option is interesting at certain moments due to
the fluctuation in the price of oil and derivatives, which may
lead to a reduction of the crack spread and, consequently, to
the optimal choice of interrupting the refinery operation. In-
put-output switching options may occur when it is worthwhile
to use a particular type of oil as input or to produce a different
mix of products derived from refining.

Real option approaches have been used in the literature
of crude oil refineries (Costa and Samanez, 2009; Imai and
Nakajima, 2000; Kemna, 1993; O’Driscoll, 2016; Yi, 1997)

and more recently to analyze renewable energy sources as
biomass (Li et al., 2015; Sharma et al., 2013), resulting in rel-
evant gains when compared to traditional investment anal-
ysis approaches. However, while there is a vast literature on
the modeling of prices of oil and oil products alone or even
on the spread of two products (Azevedo et al., 2015; Demp-
ster et al., 2008; Pindyck, 1999, 2001), there are not many
applications for modeling directly the crack spread of an oil
refinery (Poblacién and Serna, 2016; Yi, 1997). Additional-
ly, the crack spread is usually calculated based on a propor-
tion of refined products produced by refineries in the North
American market.

Brazil is an importing country of refined products. Accord-
ing to Yabiko and Bone (2016), the country needs two new
refineries producing around 350 thousand barrels a day un-
til 2030 to achieve self-sufficiency in the derivatives market.
Thus, considering the importance of assessing more accurate-
ly investment opportunities in crude oil refineries in Brazil,
this article seeks to contribute to the literature in two ways:
(i) with an analysis of the investment in an oil refinery in the
country, considering the optimal moment to invest in the proj-
ect; and (ii) modeling the crack spread adapted to the reality
of refining in the country. The article proposes an application
of the real options theory in the refining industry, evaluating
the option to postpone based on a deterministic or stochastic
investment; the option to temporarily shut down the refinery
operation; and finally, the interaction between both options.
Two uncertainty variables are modeled: the crack spread,
adapted to the Brazilian market, and the foreign exchange
rate, given that oil and derivative prices are defined in inter-
national markets and priced in US dollars. The use of Monte
Carlo simulation facilitates the treatment of the cash flow and
allows the evaluation of the proposed options.

Following Castro Lopes et al. (2020), the crude oil refinery
under analysis is 85% complete. Therefore, the case with the
incremental investment to finalize the project is considered,
as well as the total value of the investment needed for a new
refinery, in order to evaluate whether the investment decision
would be different if the project had not been started yet.

This article comprises five parts. The first is this intro-
duction. Then, a literature review about real options in the
refining industry is presented, followed by the methodolo-
gy described in the third part of the paper. The results are
discussed in the fourth part and finally the last section con-
cludes the article.

2. THE REAL OPTION THEORY IN THE REFINING
INDUSTRY

According to Dixit and Pindyck (1994), the classic rule of
investment decisions based on DCF method compares the



situation of investing today with the situation of never in-
vesting assuming a scenario of expected cash flow values.
Thus, the three main characteristics of the investment deci-
sion are neglected: irreversibility, optimal time to invest, and
uncertainty. The real options approach allows including and
evaluating decisions that managers can make over the life
of a project under uncertainties that affect the cash flows.

A real option is a right, not an obligation, in a deci-
sion-making process about real assets. Uncertainties such
as commodity and final product prices, demand, exchange
rates, and other macroeconomic variables can affect de-
cisions made by managers during the life of a project and
impact its value. The Real Option Theory allows quantifying
the value of flexibilities: the more the company’s ability to
adapt, the more value is added to the project (Dias, 2014).

The refining business is based on the gross margin of de-
rivatives over the oil that is processed, that is, through the
difference between the sale price of the derivatives and the
purchase of the oil (crack spread), causing refiners to di-
rect their attention to the difference between these prices,
rather than the price level of each product (Clews, 2016; Vi,
1997). The crack spread is the main uncertainty of this busi-
ness.

Although each refinery has its own crack spread that can
be calculated from the processed oil and the produced out-
puts, there is a measure that represents the gross margin of
a typical refinery, called 3:2:1 crack spread. The ratio 3:2:1
refers to the proportion of the derivatives produced from
a certain quantity of oil: from processing three barrels of
oil, two barrels of gasoline and one of diesel are typically
produced (O’Driscoll, 2016). The crack spread represents
the gross margin of the refinery and oil cost accounts for
approximately 85% of refining operational costs, while the
sale of diesel and gasoline accounts for about 80% of total
revenue (Yi, 1997).

The value of the crack spread, as well as other commod-
ities, is governed by market mechanisms, that is, supply
and demand. When prices are high, commodity producers
increase supply, causing a decrease in the price. Similarly,
when prices are low, producers restrict the supply and con-
sequently shortages cause increase in the price. This behav-
ior characterizes a mean reversion process and is typical of
commodity prices, a well-established fact in finance litera-
ture (Aiube, 2013). Both the spread of prices and the pric-
es of oil derivatives are usually modeled as mean reversion
models (MRM) (Costa and Samanez, 2009; Dempster et al.,
2008; O’Driscoll, 2016; Vianello and Teixeira, 2012; Yi, 1997)
cointegrated.

Considering that oil and derivatives prices are formed in
international markets, the uncertainty associated with the
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foreign exchange rate also becomes relevant to analyze a
project in Brazil. The exchange rate is generally modeled in
the literature as a Geometric Brownian Motion (GBM) pro-
cess (Oliveira, 2014; Teles, 2005).

For industries with similar characteristics, such as the
petrochemical and biofuel refineries, in addition to rele-
vant price fluctuations observed (Fonseca, 2008; Leiras et
al., 2008), some papers propose modeling the uncertainty
associated with demand, more specifically the size of the
market (Sharma et al., 2013; Vianello and Teixeira, 2012),
and the value of the investment (Fonseca, 2008; Vianello
et al., 2014; Vianello and Teixeira, 2012). In the case of this
paper, demand uncertainty becomes less relevant because
Brazil is an importing country of oil products; thus, this arti-
cle assumes that the refinery under analysis has the capac-
ity to substitute imports. Yabiko and Bone (2016) conclude
that Brazil would need two refineries producing around 350
thousand barrels a day until 2030 to achieve self-sufficiency
in the derivatives market.

Traditional investment analysis techniques, generally
based on the NPV, consider the investment decision to be
irreversible, when in fact the investor may have a number of
strategic alternatives across time, called real options, such
as postponing the investment decision itself, expanding an
existing project, reducing scheduled investments, temporar-
ily shutting down a project or even abandoning it (Vianello
and Teixeira, 2012). According to Minardi (2000), once the
uncertainties are modeled, one of the advantages of real
option theory is that, by establishing an optimal operation-
al policy, the company should be aware of the best time to
take action. Kulatilaka and Trigeorgis (1994) point out that
most of the real options can be valued as special cases of a
switching flexibility model, and the modes of operation are
more broadly defined as decision variables. According to
the authors, the temporary shutdown option, for example,
represents the change between the modes of operation and
non-operation.

In refineries or plants with similar characteristics, such as
petrochemicals, some of those real options are analyzed in
the literature.

Dunne and Mu (2010) study investment decisions of re-
fineries in the United States, analyzing how the capacity
expansion decision is related to the volatility of the crack
spread. When uncertainty associated with refining margins
increases, refiners postpone their investment decisions, cor-
roborating the importance of irreversibility and uncertainty
as key pieces in investment analysis in this industry. Sharma
et al. (2013) analyze a biomass refinery project under the
real option approach, considering the option to invest in re-
search and development, the option to invest in a flexible
production platform, and the option to defer the project.



378

Brazilian Journal of Operations & Production Management
Volume 16, Nimero 3, 2019, pp. 375-386
DOI: 10.14488/BJOPM.2019.v16.n3.a2

The authors observe that all the proposed flexibilities add
value to the project. Li et al. (2015) conduct a study to evalu-
ate the investment in a new technology for producing cellu-
losic biofuels subject to uncertainties in fuel price and con-
struction lead time. The authors analyze the optimal time to
invest and conclude that the optimal strategy was to wait to
invest, although immediate investment was profitable.

Input-output switch options are also present in the lit-
erature. Imai and Nakajima (2000) evaluate an oil refinery
considering the flexibility to switch operating process units.
Given the uncertainty of output product prices, the authors
observe different decisions depending on different scenari-
os. Costa and Samanez (2009) analyze a plant with gas-to-
liquid technology, which allows the conversion of solids,
biomass, liquids and gases into petroleum derivatives. Given
the capacity to change of the mix of inputs and outputs, the
optimal alternative can be chosen according to different sce-
narios based on a real option approach.

Temporary shutdown and abandonment options are also
evaluated in the context of refining literature. While Vianello
and Teixeira (2012) analyze temporary shutdown and defer-
ral options in units of a petrochemical project, Kemna (1993)
presents real case studies in the refining sector, where the
option of abandoning a crude distiller is discussed. Given
different flexibilities in a project, the value of the options
varies when they coexist and interact with one another. The
joint value of all options is not simply the sum of them since
the presence of one option influences the value of the other
(Dias, 2015). Vianello and Teixeira (2012) analyze the inter-
action between the temporary shutdown and the deferral
options in a petrochemical project. They propose the best
schedule for starting the investment in each unit. They also
conclude that although the temporary shutdown option typ-
ically adds value to the project, in this particular case, there
are high costs associated with interruption and return of
production, making the shutdown option not always worth-
while.

3. METHODOLOGY

The Cash Flow of the refinery

The revenues of the proposed refinery are projected
based on its nominal capacity (NC) per day, adjusted by
the utilization factor (UF) that reflects natural process loss-
es. The volume produced is multiplied by the unitary crack
spread, in dollars per barrel. The revenues are calculated for
an annual periodicity and defined according to equation (1):

Revenues, = NC x UF x crack spread, x 365 (1)

where t is the corresponding year.

Once the revenues are projected, the costs of natural gas
(CNG ) and maritime transport (CMT), which are also realized
in dollars, are subtracted. The operating costs of the refinery
(CO) and the costs associated with the operation of pipelines
and terminals (CD) are incurred in domestic currency, i.e. Bra-
zilian real, and need to be converted into US dollars for the
purposes of the proposed analysis based on the exchange rate
at period t (c). Finally, the depreciation (d) is also subtracted.
Thus, the operating earnings to be taxed, also called Earnings
Before Interest and Taxes (EBIT), is given by equation (2).

EBIT, = Revenues, — CNG, — CMT, — [(CO; + CD;) *c,] — d, (2)

To obtain the free cash flow (FCF) the depreciation must
be reversed and the investment amount in the correspond-
ing year must be subtracted (/):

FCF, = EBIT,(1-1) +d, — I, 3)
where T is the income tax rate.

From the FCF, the NPV of the project is calculated, accord-
ing to equation (4):

— i FCF,
e 4)

where W is the risk-adjusted discount rate.

Modeling uncertainties

The main uncertainties of the project under analysis com-
prise the 3:2:1 crack spread, adjusted to the Brazilian market
and the exchange rate. The definition of the stochastic pro-
cesses to be used is based on the adjustment of the histori-
cal time series.

A refinery production is determined according to the de-
rivatives demanded by the market. In the United States, gas-
oline demand is higher than diesel demand, so an American
refinery is prepared to produce more gasoline than diesel,
resulting in the 3:2:1 ratio, i.e. three barrels of oil producing
2 barrels of gasoline and 1 of diesel. In Brazil, the demand
for diesel is higher than that of gasoline, so that Brazilian re-
fining business should be adequate to produce more diesel
than gasoline. Thus, the 3:2:1 crack spread can be adapted
to the Brazilian reality, considering that three barrels of oil
produce 2 barrels of diesel and 1 of gasoline.

Although 3:2:1 crack spread future contracts for different
maturities are traded on the New York Mercantile Exchange



(NYMEX), the embedded proportion corresponds to the
North American market. To construct the crack spread ad-
justed to the Brazilian market, price data for oil, diesel and
gasoline are extracted from the information of futures con-
tracts traded in the North American market. The adjusted
crack spread is than calculated as the price of a barrel of
gasoline added to two times the price of a barrel of diesel
and subtracting the price of three barrels of oil. Then, from
the data of the adjusted crack spread, its deseasonalization
is performed by decomposing into two factors (Heydari and
Siddiqui, 2010):

crack, = x, + f; (5)

where x is the stochastic part and /' is a deterministic sea-
sonal function.

The deterministic part can be described by a trigonomet-
ric function or using dummy variables, usually modeled from
quarterly seasonality. The stochastic part can be modeled
as an arithmetic mean reversion process known as the Orn-
stein-Uhlenbeck process, defined by the equation (6).

dx =n(x — x)dt + o, dz (6)

where x is the crack spread, n is the mean reversion
speed, X is the long-term equilibrium level, c_is the volatili-
ty, and dz is the Wiener increment.

To calculate the options values, assuming risk neutrality,
in the case of the MRM process, the long-term equilibrium
level is penalized by a risk premium (1) normalized by the
mean reversion speed (Dias, 2015). Thus, in order to pro-
ceed with Monte Carlo simulation, the risk-neutral discreti-
zation of the MRM defined in equation (6) is given by:

T 1 —e~2n4t

Xy = xp_ e At 4 (JE - (E)) (1—e™™) t+ 0, 2 N(0,1) (7)

where the risk premium z=u-r is the crack spread risk-ad-
justed discount rate minus the risk-free rate.

The uncertainty associated with the exchange rate is also
important to evaluate a refinery in Brazil, given that oil and
derivatives prices are formed in the international market.
The exchange rate is commonly modeled as GBM, defined
by equation (8).

dc = acdt + o,cdz (8)

where c is the exchange rate, a is the drift, ¢_is the cor-
responding volatility, and dz is the Wiener increment. The
discretization under risk neutrality is given by equation (9).
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G =cy e((r—ﬂc)—%)atwrcw(o,nm 9)

where §_corresponds to the convenience yield of the ex-
change rate, which is the US dollar foreign risk-free rate.

To verify if the proposed processes can be used to de-
scribe the uncertainties, the Dickey-Fuller unit root test is
performed, as well as the variance ratio test (Dias, 2015).

Postponement option

The option to postpone an investment may have an expi-
ration date until when the decision should be made, or be
perpetual, so that the decision can be made at any time. In
addition, this option may be treated as function of one sto-
chastic variable, given by the value of the project, or two
stochastic variables, if the investment amount is modeled as
a stochastic variable.

The value of the postponement option can be obtained
based on the contingent claim method. Considering the val-
ue of the project as the underlying asset, the option value
is obtained from the partial differential equation (PDE) of
Black and Scholes (1973) and Merton (1973) given by equa-
tion (10).

1
3 o2ViF,y, + (r — 8,)VF, —rF = —F, (10)

where o is the project volatility, Vis the value of the proj-
ect at t=0, §, is the cash flow distribution rate, and r is the
risk-free rate.

These parameters are estimated from the Market Asset
Disclaimer (MAD) method (Copeland and Antikarov, 2003).
It is assumed that V has log-normal distribution, so it can be
described as a GBM process, independently of the stochastic
processes of the variables that influence its value. Consid-
ering that the MAD method simulates stochastic processes
for all years of cash flow, which results in excessively high
volatilities (Brand&o et al., 2005a, 2005b; Smith, 2005), the
stochastic processes are simulated only at time t = 1. For the
other instants of time, the expected values of the stochastic
processes are calculated from the simulated values at t = 1.
Thus, it is possible to use the Monte Carlo simulation to sim-
ulate the stochastic components that affect the cash flows,
obtaining the probability distribution of the project and ex-
tracting from this distribution the aggregate volatility of V.

If the decision to invest has no expiration date, the post-
ponement option can be seen as perpetual. In this case, the
EDP turns into an ordinary differential equation (ODE) that
presents an analytical solution. The boundary conditions are
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given by equations (11) to (13).

F(0,t) =0 (11)
Fvt)=Vv*—1I (12)
Fv ,t) =1 (13)

and the solution given by equations (14) (Dias, 2015):

AVE  seV <V*
F(v) = { (14)
V-1 seVz=V*
. B
V= (ﬁ)l (15)

where V7, given by equation (15), is the threshold corre-
sponding to the value from which the exercise of the op-
tion is optimal, B is the positive root of the characteristic
equation of the ODE, and A is a constant determined by the
boundary conditions.

If the option to wait to make the investment has an ex-
piration date, it is characterized as an American option and
can be exercised until the maturity date. In this case there
is no analytical solution, and a numerical method should be
used. Alternatively, Bjerksund and Stensland (1993) propose
an analytical approximation method used in this paper.

A second approach to value the option to postpone is
when the investment value (/) and the value of the project
(V) are both considered stochastic. In this paper, given that
the value of the investment is defined in domestic curren-
cy and the exchange rate is treated as a stochastic variable,
the project is also evaluated from this perspective. Follow-
ing McDonald and Siegel (1986), the option to postpone the
investment is analyzed, in this case, based on the assump-
tion that the two variables (V and /) follow correlated GBM
processes. To reduce the dimensionality of the problem, the
ratio is used. The EDOQ, in this case, can be written according
to equation (16).

1
E azvzﬁm + (61 - 6V)vﬁm - 6If =0 (16)

where o is the total volatility given by ¢* =97 —2poya; + o7,
p is the correlation between V and /, and o, and 6, are the
volatility and the convenience vyield of I, respectively, and
the other parameters are the same presented in the EDP
of Black and Scholes (1973) and Merton (1973). Similarly to
equations (11) to (15), the boundary conditions are given by
equations (17) and (18), the solution of the ODE by equation
(19) and the trigger by equations (20).

f@)=v" -1 (17)
flw) =1 (18)
- (%)B1 v*-1), sev < v* (19)
f) =
(v-1), . sev=v*
L B (20)
V= (51 - 1)

where B, is the positive root of the characteristic equa-
tion of the ODE.

If the option value (F) is greater than the project NPV
without flexibility, there is value on holding to make the
investment. The investment decision must be taken from a
critical value of the project called the threshold (7). When
the present value of the cash flows is greater than the critical
value 7, the decision is to invest immediately. Otherwise,
the best decision is to postpone the investment.

Temporary shutdown option

The option to temporarily shut down the refinery reflects
the alternative to interrupt its operation for a certain peri-
od of time. It is assumed that the management can make
this decision when the gross margin value, calculated as the
crack spread, is lower than the variable costs.

The optimal operation mode is determined based on the
values of the stochastic variables (crack spread and exchange
rate) at each instant of time. As these variables change, the
optimal mode can switch from operating to shutdown (and
vice-versa). In this case, the cash flow should also include
the cost of hibernation, relative to the conservation of the
units while they are not operating.

The cash flow that encompasses the temporary shut-
down option, here called as Optimal cash flow (Optimal CF),
is defined as the maximum between the cash flow of the
operating plant, which represents the cash flow without any
flexibility, and the cash flow from hibernation, i.e. the costs
incurred when the plant is not operating. Thus, at every in-
stant of time, the optimal choice is made between operating
or not:

Optimal CFi,t = Max(CFoperating,t; CFhibematiun,t) (21)
where CF,  is the cash flow at each time ¢ for i = operating
or hibernation.

The value of the temporary shutdown option is given by



the difference between the expected present value of the
optimal cash flow less the expected present value of the op-
erating cash flow.

Finally, the interaction between the shutdown option and
the option to postpone the investment should be assessed.
The postponement option may lose value when incorporat-
ing a temporary shutdown option into the project, because
the latter prevents large negative cash flows. Once including
the temporary shutdown option, the MGB parameters of
the project value are again estimated and the value of the
postponement option is recalculated.

4. RESULTS

A database with daily data of 03/10/2005 until
02/28/2018 from NYMEX-traded prices provided by the En-
ergy Information Administration (2018) was used to model
the 3:2:1 crack spread. The following futures contracts with
maturity of one month were considered: Cushing, OK Crude
Oil, New York Harbor Regular Gasoline, New York Harbor
Reformulated RBOB Regular Gasoline, and New York Harbor
No. 2 Heating. The data was deflated for the same date using
the Consumer Price Index (CPI), extracted from the Bureau
of Labor Statistics (2018). The historical series is depicted in
Figure 1:

Figure 1. Crack spread time series
Source: Designed from Energy Information Administration (2018)

Using dummy variables to perform the deseasonalization
of the quarterly series, the annual value of /' of approximate-
ly US$19/bbl was obtained in equation (5). For the stochastic
part of the crack spread (x), the Dickey-Fuller test was per-
formed and the null hypothesis of the Brownian Arithmetic
Movement (MAB) was rejected due to mean reversion behav-
ior. Additionally, the variance ratio test was performed to con-
firm the existence of mean reversion, as shown in Figure 2:

Variance ratio
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Figure 2. Variance ratio test to crack spread
Source: The authors themselves

The estimated parameters of MRM process in equation
(6) were o_=18.38p.a. and 57 = 2.51. Due to the choice of the
seasonal adjustment without intercept, the estimated long-
term average X was statistically zero.

The US Dollar / Brazilian Real exchange rate series used
was modeled on daily data of 02/01/2002 to 02/28/2018,
obtained from Institute for Applied Economic Research (/n-
stituto de Pesquisa Econémica Aplicada — IPEA,2018). The
values were deflated based on the Consumer Price Index
(CPI), obtained from the Bureau of Labor Statistics (2018),
and the consumer price index (IPCA), from Brazilian Institute
of Geography and Statistics (Instituto Brasileiro de Geogra-
fia e Estatistica — IBGE,2018). The results from Dickey-Fuller
unit root test showed the MGB cannot be rejected, being
appropriate to describe the stochastic process. In this case,
the parameters found in equation (8) were ¢, =15.74%p.a.
and a =-0.73%p.a.

Considering the cash flow described in US dollars, the
risk-free rate of the US market was used in real terms (ad-
opted estimate of 1%p.a.), in addition to the risk premium
Brazil (adopted estimate of 3%p.a.), resulting in » = 4%p.a.
Furthermore, the parameters of nominal capacity and uti-
lization factor used in equation (1) and of income tax rate
in equation (3) were, respectively, NC = 165,000 barrels per
day, UF = 96% and t = 34%.

Figure 3 shows the evolution of the accounts that make
up the cash flow.
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Figure 3. Expected cash flow
Source: The authors themselves

First, based only on the expected values of the traditional
cash flow, i.e. disregarding the uncertainties associated with
the crack spread and the exchange rate, and the existence
of the proposed options, the present value of the project,
V, obtained from the discounted cash flow, was USS 2,575
million, resulting in a NPV of USS$ 867 million for the case of
incremental investment, and negative USS 2,375 million for
the case of the project not yet started.

To calculate the postponement option value, the param-
eters of the stochastic processes of the project value were
estimated based on the MAD approach. Both cases with
deterministic and stochastic investment were considered.
The volatility and the convenience yield of Vin equation (10)
were estimated, respectively, as g, = 13.02% p.a. and ¢, =
4.24% p.a. The investment convenience yield in equation
(16), based on the stochastic exchange rate, was estimated
as J, = 1% p.a. The correlation between V and / was esti-
mated as p=-0.67, based on correlation between the market
prices of refining companies and the exchange rate.

From the simulation of the stochastic processes in the
cash flow, the value of the project was calculated given the
existence of the option to postpone the investment. Con-
sidering both the incremental investment and the total in-
vestment, Table 1 presents the values of the threshold V*,
the option value F and the net premium of the option, given
by the difference between F and the NPV, for different ma-
turities.

If the investment had not yet been started, i.e. if it had
to be realized at its full value, the best decision would be to
postpone the project regardless of the maturity of the op-
tion. For incremental investment, the recommendation is to
invest immediately if the option expires in up to 5 years, but
to defer it if the postponement option is perpetual.

Table 1. Postponement option results

Incremental .
. Full investment
investment
Expiraton | V* | F [FvPL| v* | F | FvPL
(in years) | (in million dollars) (in million dollars)
1 2,056 | 867.0 0.0 5,959 0.01 | 2,375
2 2,156 | 867.0 0.0 6,248 0.01 2,375
3 2,219 | 867.0 0.0 6,432 0.3 2,375
4 2,266 | 867.0 0.0 6,567 1.4 2,376
5 2,302 | 867.0 0.0 6,671 3.2 2,378
Perpetual 2,604 | 867.0 0.3 7,546 | 114.0| 2,489

Islightly above zero

Source: The authors themselves

Considering the incremental investment, the present val-
ue of the project is 1.5 times the value of the investment,
which reduces the likelihood of loss in adverse scenarios.
The cash flow distribution rate (J, = 4.24% p.a.), which rep-
resents the income obtained when making the investment
and receiving the project cash flows, is higher than the risk-
free rate (r = 4% p.a.), which represents the income that
would have been received had the project not been made.
Furthermore, the project volatility (o, = 13.02% p.a.) is not
very high, which reduces the level of uncertainty associated
with the investment cash flow. Therefore, these three fac-
tors explain why the postponement option has no value if
the maturity is up to 5 years. In the case of perpetual option,
despite those factors, the longer the time to expiration, the
greater the possible change of the project value over time,
leading to greater values of the option and the threshold.

In case of stochastic investment /, the ratio v is 1.5 in the
scenario of incremental investment and 0.5 in the case of
complete investment. The value found for v* in equation
(20) is presented in Table 2, similar to the information pre-
sented in Table 1. Comparing v and v*, based on equation
(19), the immediate investment is recommended only in the
incremental case, when the expiration of the option is up to
2 years. The negative correlation between V and / increases
the total volatility of the project, making it better to defer
the project in some cases where the immediate investment
was previously recommended when | was deterministic.

Table 2. Postponement option results for stochastic investment

Expiration *
(in years) v
1 1.37
2 1.47
3 1.53
4 1.57
5 1.60
Perpetual 1.90

Source: The authors themselves



For the temporary shutdown option, the calculated
expected optimum cash flow was USS 2,782 million;
thus, the presence of the option adds USS 207 million of
value to the NPV of the incremental project.

By incorporating the temporary shutdown option to
the incremental project, the postponement option loses
value. The option to defer had a positive value in the per-
petual case; however, when interacting with the tempo-
rary shutdown option, the immediate investment turned
to be the best decision, as it was for the cases where the
option has an expiration date. For the full investmentin a
new refinery, although the postponement option has its
value reduced, the decision is still to defer the project.
In this case, the perpetual option was worth US$ 114 mil-
lion, but by including the temporary shutdown option,
the amount is reduced to U$ 14 million.

A sensitivity analysis is performed to verify how the
parameters of volatility (¢,) and cash flow distribution
rate (J,) of the project could affect the analysis of the
postponement in the case of incremental investment to
complete the refinery.

When reducing o, to 8%p.a., the best decision is to
invest immediately, and when increasing it to 35% p.a.,
it is recommended to postpone the investment decision,
regardless of the expiration of the option. When the vol-
atility is 20% p.a., if the expiration date is up to 3 years,
the immediate investment is the best decision, but if the
maturity of the option is higher, the investment should
be postponed.

When increasing d, to 5% p.a., the best decision is to
invest immediately, while the reduction to 2% p.a. in-
dicates the postponement of project, regardless of the
expiration date of the option. When 4§, is reduced to 3%
p.a., if the option expires in 1 year, the best decision is
to invest immediately, but the deferment of the invest-
ment is the recommended decision for all other expira-
tion dates. These results indicate the importance of the
prior definition of the expiration date for the deferment
option, i.e. the deadline to make the decision.

For the case of stochastic I, a sensitivity analysis was
performed based on the correlation p assuming values
from -0.3 to -0.8. For p = -0.3, the deferral of the invest-
ment is recommended only if the option is perpetual,
while for p = -0.8 the postponement is the best decision
if the option expires in 3 years. If the project has not yet
started, the investment decision involves an investment
amount higher than the present value of the project.
Thus, sensitivity analyzes were made for I = 3.55, 3.0,
and 2.5 million dollars. Although in the latter case the
traditional analysis recommends the realization of the in-
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vestment (because NPV>0), when evaluating the option
to postpone, the best decision is still the deferral of the
project in those three scenarios.
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The temporary shutdown is affected by the cost of hi-
bernation of the units. Three scenarios were analyzed,
with hibernation cost of USS 5, 11, and 44 million. The
value of the temporary shutdown option for each sce-
nario was, respectively, US$ 214, 213, and 194 million
dollars. A change in the cost of hibernation generates
modest gains in the result of the optimal cash flow and,
consequently, in the option value, which explains the
small variation of these observed results. This is because,
although in a few years the cash flow of the operation is
negative, there are few scenarios in which the present
value of the cash flows of the whole project is negative,
which can be seen in Figure 4.
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Figure 4. Distribution of the present value of operation cash flows
Source: The authors themselves

5. CONCLUSIONS

To analyze an oil refinery in Brazil, this work modeled
the main uncertainties associated with the investment: the
crack spread and the exchange rate. It was proposed an ad-
aptation of the 3:2:1 crack spread for the Brazilian market,
the main uncertainty of the cash flow of a refinery, to re-
flect the reality of national refining. The time series present
a mean-reversion behavior and, when considering the sea-
sonality, it is possible to model the stochastic process as an
arithmetic move.

Given the complexity of oil refinery projects and the high
amount of investment involved, the correct valuation of the
embedded managerial flexibilities based on the real op-
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tions approach is an important issue. Considering that there
are refinery projects in Brazil that were interrupted before
completion and that the country is a derivative importer,
the analysis of the postponement option can be considered
especially relevant. Also, Brazil is an oil-producing country;
thus, the temporary shutdown option corresponds to the
possibility of comparing what is worth: producing deriva-
tives or increasing the volume of oil to export. In addition to
the value added by each of these options in the project, the
interaction between them was also considered in this paper.

In the proposed project, the real option approach de-
termined the postponement of investment in situations
where the traditional analysis of discounted cash flow rec-
ommended the immediate investment.

For the remaining investment to complete 15% of the
refinery the traditional analysis presented a positive NPV,
however, the real option valuation pointed in a different
direction depending on the expiration date of the option.
The postponement of the project for the remaining invest-
ment was the best decision if the option to wait to make
the investment is considered perpetual, since the value of
the option was small in most cases. However, in case of
expiration within one year, most of the cases led to the im-
mediate investment recommendation. These conclusions
reflect the results found for most of the scenarios studied,
but when performing sensitivity analysis there are some
cases that result in different decision, reducing robustness
of the results. For the other expiration dates over one year,
the decision presented large variations in the scenarios an-
alyzed.

For the case where the full investment is considered for
a new refinery, the best decision is always to postpone the
investment.

The temporary shutdown option was also evaluated
considering the change of mode between operating and
not operating the refinery. In all cases proposed, this op-
tion added value to the refinery’s result. In addition, the
temporary shutdown option reduced the value of the post-
ponement option; thus, the immediate investment of the
incremental amount for the refinery completion is recom-
mended regardless of its expiration date.

Future work can be suggested. First, the modeling of
crack spread data of the Brazilian market, considering the
domestic prices of the derivatives and reflecting data clos-
er to the reality of the country, may enrich studies in the
refinery industry. Second, stochastic crack spread modeling
can also be improved by using two- or three-factor mean
reversion models, or including jumps in the model, to bet-
ter reflect the long-run crack spread, since the mean re-
version model does not capture long-term trends for the

equilibrium price level. In addition, natural gas price could
also be incorporated into the model by modeling a third
stochastic variable, since, disregarding oil, it is a significant
cost to the refinery. Finally, switch options especially relat-
ed to the inputs used can also be incorporated from the
crack spread modeling approach.
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