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1 Introduction

Industrial and agricultural applications frequengiyhibit inherent options to choose
between the best of two commodities. If these ogtiare well established, the
probability is high that the markets of these cordities are co-integrated to some
degree. If prices drift apart, suppliers would e the option and switch from the
less favourable to the more favourable producticalty by incurring a switching
cost, until the equilibrium is re-established whishreflected in a mean-reverting
price spread. In these cases, a two-factor valugtioblem could then be reduced to a
problem with a single stochastic factor. These ntegrated markets are found
particularly when commaodities have similar applicas and can be substituted rather
easily for one another or when the production aisbne commodity is heavily
influenced by another commodity. Examples include(bulk) and wet (oil) markets
in the shipping industry (see Sodal et al., 20@@mmercial and residential uses of
real estate, industrial plants with flexibility ¢ine product mix, refining margins and
other conversion processes in the chemical indusingh as the production of
polyethylene which is created by polymerisation etiylene. Both ethylene and
polyethylene are traded products, so that the asiore can be considered a real
rainbow option. The valuation of this rainbow optibased on the conversion spread
will be the subject of the empirical application.

Kulatilaka and Trigeorgis (2004) discuss the genemgproach of valuing
switching options, including options additivity aadymmetric switching costs. Stulz
(1982) and Johnson (1987) develop closed-form ismisitfor a European option on
the maximum or minimum of two or more assets. Asitamalytical solution to a
two-factor problem, where the option is not homamen of degree one in the

stochastic variables, is provided by Adkins andgeax(2010a) and elaborated into a
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general switching model for two alternative enenguts (2010b). Dockendorf and
Paxson (2009) develop real option models on thedddsvo commodity outputs with
both single and continuous switching, including tigion of temporary suspension,
and apply the models to value a flexible fertilipdant. All of the above mentioned
models are based on uncertainty represented by ejgonBrownian motion. The
Schwartz (1997) analysis on the behaviour of comiyogrices reveals that
commercial commodity prices exhibit strong meanersion. Also, Geman (2007)
tests energy commodity prices for mean reversiahfams that oil and natural gas
prices are mean-reverting during one period andaanwalk during another. Tvedt
(2000) values a vessel with lay-up option in a pimg market with freight rate
equilibrium and acknowledges in his conclusion thatan-reversion should be
considered in the freight rate dynamics to imprthe model for practical valuation.
The option pricing theory on co-integrated assets been explored by Duan and
Pliska (2004), who value finite spread options oéocls indices subject to time-
varying volatility by means of Monte Carlo simutats. Dixit and Pindyck (1994)
provide a solution to the investment problem oraaset which follows a geometric
mean-reverting stochastic process, i.e. where #nalMe has an absorbing barrier at
zero. Option valuation on mean-reverting asseapjdied by Pinto et al. (2007) to the
Brazilian sugar industry by approximating the psicé sugar and ethanol as discrete
binomial mean-reverting processes and determirhiegvalue of switching between
the two commodities within a bivariate lattice optiframework. Nasakkald and
Fleten (2005) value a flexible gas fired power plamthe basis of a spark spread with
mean-reverting variations in the short term andegquilibrium price in the long-

term, but ignoring switching costs.



Sodal et al. (2007) value the switching option fmmbination carriers
between the co-integrated dry and wet bulk markgtsodelling the price spread as
mean-reverting. The approach is based on the Belleg@ation which uses for the
solution of the maximisation problem a ratd¢o discount the future option values.
However, such a discount rate cannot be reasorashiyated because of the options-
specific risk characteristics. Sodal's empiricaplegation confirms that the option
value is highly sensitive to this discount rateThe option value almost triplesgfis
reduced from 0.15 to 0.05. Furthermore, the cashsflof the static project with no
switching option, which includes non-stochastichciews, have been discounted at
the same ratp. We develop an option model based on the contirgjarms and the
risk-neutral valuation approach and show how Ssedallution can be transformed to
be independent gf.

The remaining part of this paper is organised dsvig: Section 2 introduces
the characteristics of the mean-reverting spreadyiges the present value of
perpetual cash flows without switching option ahért develops a model for the
continuous rainbow option. Section 3 applies thetiocoous rainbow option to value
a polyethylene plant based on an econometric mofi¢he polyethylene-ethylene
conversion spread. Specific and general implicatiane discussed in Section 4.

Section 5 concludes and raises issues for furdssarch.

2 Valuing the Switching Opportunity

21  Moddling uncertainty as a mean-reverting spread

We assume that the asset can be operated in tieredif modes where each
operating mode is associated with a different conitggroduced. The flexibility to

switch between two operating modes — the base nfddeoted by '0") and the
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alternative mode (denoted by '1l) — means that mgefaced with two underlying

uncertainties, which are the prices of the two camites. In integrated markets,
however, the prices of the two commodities are dotmone another by economic
reasons, so that the complexity can be reducedltoome underlying uncertainty by
modelling the difference between the two commogitges as mean-reverting. Let

(p) be the weighted spread of the commaodity prices,

K
p=p1—k—°po : (1)
1

where g and p are the commodity prices in the base and altermmathode,
respectively, and kand k the capacities. The capacities enter into the temuan
order to account for the fact that product unitd antput capacities of the asset may
be different in the two operating modes. Hence,umigise the spread with regard to
the product sold in the alternative mode. The spogdawo co-integrated commaodities
can be both positive or negative so that the mewmearting process needs to be

modelled as an arithmetic Ornstein-Uhlenbeck praices
dp=n(m-p)dt+aodz, )
wheren is the speed of reversion, m the long-run meah@fspready the volatility

and dz a standardised Wiener process. The expealael of p at time t is given by:

Elp]=m+(p-m)e™ 3)

and the variance of:p
Varp,] = o (1— e ) (4)
t 2r|

Dixit and Pindyck (1994) determine the conveniegd (5) of a mean-reverting
process where both the drift rate and the volgtiie proportional to the current level

of the underlying variable (geometric mean-revarsidpplying the same logic, the
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parameters of the arithmetic mean-reverting proocass be derived. The expected
return (1) of p is determined by the systematic risk in shechastic fluctuations in p
and is equal to the sum of convenience yié)daid expected increase in the level of

p (o). The expected percentage change of p is theveldtift rate:

G:n(m—p)zu_a, (5)

While the required returp is constant, the yield varies with p. Solving for the

convenience yield provides

r](m - p) . (6)

The dividend yield is the same in the risk-adjustad risk-neutral world (denoted by
*). With the risk-neutral drift ratea* =r—3 and the expected absolute drift being
a*p*, the risk-neutral process of the mean-revertprgcess can be specified. An

alternative way of deriving the risk-neutral progésto adjust the Wiener process for
the market price of risk\), dz*=dz—A,,dt, as outlined by Bjerksund and Ekern

(1995). We deviate from the latter reference insaf.,, cannot be kept constant for
the arithmetic mean-reversion because the relatatility depends on p. Applying

the definition provided by Hull (2006), the markaice of risk for the arithmetic

_b-r
o/p

mean-reversion s, , Which provides:

dpf =[nm—(u-r+n) p*|dt+odz*. (7)

2.2  Discounted cash flow with no flexibility

Assuming no operating flexibility, the present \alof the asset can be calculated as

the discounted cash flow. The cash flow is giventiy spread less the variable



operating cost, §p-c), where (c) is the weighted difference in ahté operating cost

between the two operating modes:

—c - Ko
€=¢ = Co- (8)
1

The discount factor for the volatile spread comssidt a risk component and a time
component. For the mean-reverting process, thedissipates over time so that the
applicable risk discount factor would be differdat each time period. This is in

contrast to a geometric Brownian motion where ibk increases with time and the
risk discount factor is compounded in the same wasaythe time discount factor.

Instead of calculating the time-dependent risk @list factor for the mean-reverting
process, the risk can be incorporated in the growata of p, as demonstrated by

mn
nN+p-r’

Bhattacharya (1978), which results in the risk-redytrocess of p. Lef1 =

then from (2):

dp=(n+p-r)(M-p)dt+odz (©)
In analogy to equation (3), the expected value of {he risk-neutral scenario is then
given by:

Elp,| =M +(p-Mm)erm-t (10)

The risk-neutral cash-flow could either be discedrt the risk-free rate of return for
an asset lifetime of T years, or be discountederpgtuity at a higher rate taking into
account the asset depreciation in the form of egptal decay. We take the latter
approach since we also need to consider technalpgolitical and environmental
risk. Let the arrival raté. of a Poisson event incorporate both, depreciatind

technological risk, so that the risk-neutral cashvfis discounted at the rate i+
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PVi(p) = klj(E[pt]_ C)e_(m)tdt =k,
0

n

The discounted cash flow consists of three paitstly; the long-term average (m) is
discounted at a rate of r(4t+fA)/m). This discount rate increases with the systematic
risk in the stochastic fluctuations of p, represdribyu, and decreases with the speed
of mean-reversionf, because the faster p returns to its long-rumamesthe faster
the risk is dissipated. With>>(u+1), the discount rate will be only slightly aboveth
risk-free rate. Secondly, the current value of pdiscounted at p#n+A) which
corresponds to discounting tihedecaying exponential function of p at the discount
rate p and accounting for depreciation and political/techl risk. Thirdly, the

operating cost is discounted at the risk-free aatgmented by the Poisson probability.

2.3 Continuous rainbow option

We now allow for flexibility between the two opdrag modes. In the base mode, the
commodity spread is foregone (zero cash flow) hmdlternative mode, the spread is
earned and variable operating costs are incurreditipe or negative cash flow).
Vo(p) and \M(p) represent the values of being in the respedtate, each with the
option to switch to the other mode. The Ornsteirleldheck process is a special case

of the general It6 process of the fordp=a(p)dt+o (p)dz. Starting from this

general approach, the value of an option on p, ,\Vig)described by the partial

differential equation below:

0%V oV
%o(p)2W+(r—5)pa—p—(r+?\)V =0 (12)



The convenience yield from equation (6) is subtdufor \b and \, in the above
equation. In the base mode, no cash flow is eaanddy is solely determined by the

option value.

2

9%V Y,
?ﬁ[nm-(u—rm)p]a—;-(rﬂ)vo=0 (13)

1~2
20'

When operating in the alternative mode, a cash iogarned equal to the commodity

spread net of variable operating cost.

2

GRY oV
e L R

2

A more general form of equation (13) is obtainedsbigstitutinga = 2(r —|.1—r])/02 ,
b=2nm/0? andd= =2 +)\)/02 ;

0%V, .\
op?

(ap+b)%+dw0:o (15)
ap
With p>r andn>0, parameter (a) will always be negative. For &fmpke (1956, p.

416) suggests substituting, = F(x) andx = \/H(p+gJ to obtain:

0°F oF d__
W_X&_EF—O (16)

Appendix A demonstrates how the above equatiorbeafurther transformed into the

1,2
Weber equation by substitutirfg= G(x)e4X (see also Kampke, 1956, p. 414):

2 2
el
X

Spanier and Oldham (1987, p. 447) establish that ahove Weber differential
equation is satisfied by the parabolic cylinderchion of order (-d/a) and argument
(x) and (-x), represented tﬁ]_d/a(x) and D_d/a(— x), so that G(x) is determined by:
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G(x)= A D_,()+ BID_g,(-x), (18)
where A and B are constant parameters and the gdaralylinder function is defined
by:

v+2 _x _
D (X):lgge 4M —X,l,x_ +_E|7T[ e 4M
Y 2'2' 2

T

with M the Kummer function:

M(a,b,z):1+%z+ +...:ir(a+k) r(b)i (20)

The asset in the base model is therefore valued as:

V,(p) = (AO m_d/a(ﬁ(mgn +B, []D_d/a(— \/H(p%mei[ﬁ[mwz (21)

Concerning the asset in the alternative operatindenthe value is determined by the
non-homogenous partial differential equation (I4)e solution consists of the sum of
the general solution to the homogeneous PDE anartecglar solution to the non-

homogeneous PDE. A particular solution to the nombgeneous equation is the
present value of the perpetual cash floMpic) which is the value of the operating

asset without flexibility and given by equation J1tepeated below.

- P mn _cC
le(p)_kl(p+r]+)\+(r+)\)(r]+u+)\) r+)\j (22)

mn _cC
(F+A)+n+A) r+a

With the substitutions) = andw =k ( j the value

u+n+A

of the asset operating in the alternative modeisrdnined by the function below:

V,(p)= {Al []D_d/a(\/H(p +§D+ B, [D_d/a(— \/H(p +§m ei(ﬁ@iﬁ Fulp+w

(23)
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The reader can verify, that the solution to the bgemous partial differential equation
based on a Bellman equation with the unspecifiad¢adint ratep, as provided by

Sodal et al. (2007), can be transformed into thevabequation by substituting

n-n+u-r, m- nm andp - r in the former, where notations apply as used
n+u-r

in this paper. Their solution to the non-homogendifferential equation cannot be
transformed in a similar way since all stochastid aon-stochastic components of the
perpetual cash flows have been uniformly discouatdtie rate.

As Kulatilaka and Trigeorgis (2004, p. 195) stdte, "valuation of the flexible
project must be determined simultaneously withapgmal operating policy". So we
can expect the coefficients A and B to depend ensthitching boundaries given by
the spread levels ofypand p, where p triggers a switch from the base operating
mode to the alternative operating mode andiipe versa. In order to determine the
coefficients, the general form of the value funetioneeds to be investigated. The
option value of switching from the base mode to #ieernative mode needs to
increase with the spread, since the spread canbengarned in the alternative mode,
and to tend towards zero for large negative spréaihen operating in the alternative
mode and earning the cash flow p-c, the optionwtidch and forego the cash flow
needs to increase in value with lower (more negatpsvalues and should be almost
worthless for very high values of p. Figure 1 beldepicts the general form of the

value functions.

FIGURE 1

The parabolic cylinder function fx) tends towards infinity for large negative vaue

of x and towards zero for large positive x fora. It is a monotonically decreasing
11



function in x for (v < -0.20494) and has one logsximum for (-0.20494 < v < 0).
The exponential multiplier term in the option valmeV, and \, makes the option
values monotonically increasing and decreasingectsely for all v<0. For ¥, the
option value of switching increases with p and Ipees negligible for large negative
values of p. Hence Amust be zero andgBositive. For \{, it is the other way round,
so that A must be positive and;Eero.

Switching between operating modes occurs when thleevin the new
operating mode exceeds the value in the incumbederhy the switching cost. These

rules are formalised by two boundary conditions,
Vo(Pu) =Vi(Pu) — S (24)
Vi) =Vo(PL) — S (25)

where 3; and S are the respective switching costg.and W must also comply with

the smooth pasting conditions at the trigger lev@lsand p.

Vo (Py) — oV, (py)
op op

(26)

Vo (pL) — oV (p,)
ap ap

(27)

The four equations, (24), (25), (26), (27), enaldeto determine the four unknown
parameters 8§ A1, py and p. The procedure to solve the system of equatioras is
follows:

1. Solve equation (24) for £as a function of A py and p

2. Solve equation (25) for Aas a function of pand p

3. Guess p and p (based on the general shape of the value fungtions

4. Change p and p until both equations (26) and (27) are satisfied

simultaneously
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5. Check that both Band A are positive
Step 4 is a minimization problem which is solvedmeuically. The solution is

therefore not available in closed-form. AppendipiBvides the detailed equations.

3 Empirical Application: Valuing a polyethylene plant

In this empirical section, the continuous rainbogti@n is applied to determine the
market value of a polyethylene plant which convettsylene into polyethylene. The
latter product is a plastic which is widely usedfilm, pipes, blow and injection
moulding applications and fibres, while ethyleneti® main product from the
petrochemical naphtha cracking process. At firsingé, this seems to be an
input/output option rather than an option on thst lmé two outputs (rainbow option).
However, both commodities are traded and ethylemddcbe sold to the market
instead of converting it to polyethylene. In thahse, the polyethylene plant can be
considered a rainbow option on ethylene and polyette. The flexibility is given by
the option to choose between not operating thet jlzase mode) and operating the
plant (alternative mode). Figure 2 below depictssimplified scheme of the

transformation.

FIGURE 2

While various patented polyethylene processes sed in industry, we will focus on
the slurry process for the production of high-dgnpolyethylene (HDPE). The asset
under consideration is assumed to be in Europe avitannual production capacity of

250,000 tons of HDPE, with an initial investment af estimated €200 million.
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Meyers (2004) provides specific consumption data tfee slurry process which
requires about 1,017 kg of ethylene for the praduacof 1,000 kg of polyethylene.
The conversion spread is therefore defined as:
P = Ppoiyethyime ~1-017WPethyiene (28)

Although other materials are required for the cloainitransformation, prices of
polyethylene are largely determined by ethylenethes dominant feedstock. This
suggests that both prices are co-integrated,hes. &re bound in the longer term and
the difference between the two tends to revert long-term average which should
cover operating costs of converting ethylene toetblylene, capital costs and profit.
To further explain this mechanism, consider théofwing scenarios. An increase in
ethylene prices means higher production costs byfefioylene which will eventually
lead to an increase in the market price of thelafhe extent of this price increase
depends on whether the market price is more costrror demand driven at that
time. A cost-driven market price is much more resiee to a change of production
costs than a demand-driven market price (see Figuré&his relationship is inverse
for a change in demand of polyethylene. A changdemhand will lead to significant
adjustments in polyethylene prices in a demandedrimarket but less so in a cost-
driven market. Furthermore, a polyethylene demdmhge will also impact on the
prices of ethylene since about 60% of the globaylehe production output is used to
produce polyethylene, according to estimates oftfxde Bank (2009). While most
of the remaining share is used to produce othemada products, ethylene also has

some direct applications (e.g. fuel gas for speaggllications or ripening of fruit).

FIGURE 3
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3.1  Econometric model for the stochastic spread

As Dixit and Pindyck (1994) acknowledge, both tledimal considerations and
statistical tests are important to determine wirethevariable follows a mean-
reverting stochastic process. Following the discms®n equilibrium mechanisms
above, this section intends to econometrically tlestspread for mean-reversion and
then to estimate the parameters of this stochpsticess. According to Brooks (2009)
and Duan and Pliska (2004), a linear combinatioma-stationary variables of
integration order one will be stationary if the iables are co-integrated. In other
words, the spread of polyethylene and ethyleneepris stationary and can be
modelled as an autoregressive mean-reverting pgatdbe two commodity prices
are co-integrated. Hence, we first test the comtgqatices for co-integration and the
spread for stationarity. If these tests confirm iiean-reverting nature of the spread,
the parameters of the Ornstein-Uhlenbeck processdarermined by means of an
Ordinary Least Squares regression and statiséstd fare performed on the validity of
the regression.

Time series with monthly data for ethylene and ptilylene prices from Jan
1991 to Dec 2009 are the basis for the empiricallysis. These prices are for
delivery within Europe, i.e. gross transaction esic Figure 4 gives a graphical
representation of the historical commodity pricesaell as the conversion spread. It
can be seen from the figure that the two commagtityes tend to move together and

the spread is more stationary although volatile.

FIGURE 4
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3.1.1 Test for mean-reversion

The purpose of this chapter is to test whethersgiread follows a mean-reverting/
stationary process. This can be done either dyrbgtidlemonstrating that the spread is
stationary or indirectly by showing that ethylenedapolyethylene prices are co-
integrated, because according to the Granger repiason theorem, this implies that
a linear combination of the two (such as the cosivarspread) is stationary.

Two variables are co-integrated if their levels aom-stationary and the’1
difference in levels is stationary. An Augmentedk2y-Fuller (ADF) unit root test
assumes that the series is non-stationary undenutehypothesis. Hence, the two
variables are co-integrated if the ADF test statifslr each variable is not rejected on
the levels but rejected on th& difference in levels. Co-integration is confirmiea
ethylene and polyethylene prices by consideringpttodabilities of making an error
when rejecting the null hypothesis of unit roots,skhown in Table 1. When the p-
value is below 5%, the null hypothesis can be teptwith a confidence level of more
than 95%. For ethylene and polyethylene prices,nihié hypothesis of unit roots
cannot be rejected at the 1% level but possibth@b% level. The hypothesis of unit
roots in the 1 difference of the two commodity prices can beatgé with certainty.
This means that the commodity prices tend to bestationary, but the change in

prices is stationary.

TABLE 1

The same table also provides the ADF statistictfa spread (which is a linear
combination of ethylene and polyethylene pricesy, hich the null hypothesis of

non-stationarity is strongly rejected. Because ehier the possibility that the null
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hypothesis might be rejected due to insufficierforimation, we also perform a
stationarity test to confirm the above analysisKRSS test assumes the series is
stationary under the null hypothesis. The KPSS gs&istic for the spread series is
0.72, which means that the null hypothesis of atetiity is rejected at the 5% level

(0.46) but not rejected at the 1% level (criticalue: 0.74).

3.1.2 Regression model

The Ornstein-Uhlenbeck process for the spreads(ppécified in continuous time. In
order to estimate the parameters Ifh, 6), the model needs to be converted to its
discrete time equivalent. The corresponding disetiene process of the spread is a
first-order autoregressive model and can be derfv@d (2) and (3), see also Dixit
and Pindyck (1994):

Py = m(l_e_n)"'e_n Pra +& (29)

whereg; is normally distributed with mean zero and staddbeviationo,
O.2
02 =— (1— e ) (30)

It should be noted, that the parametgeiendc depend on the chosen time interial

which is one month. The regression is then runguagon

Py =a+Bp, +&, (31)
with
1=-logB (32)
_ a
m=—-— 33
3 (33)
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5=0, |2109F (34)

B* -

=

To transform the parametefsandc from a monthly to an annual scale, multiply the
mean-reversion rate by twelve and the volatilitythy square root of twelve. Table 2
provides the parameter estimates of the regressimtel, based on the 1991-2009
monthly data of the price spread, as well as tlaesformed parameters for the
Ornstein-Uhlenbeck process. Both parameteemdp, are statistically significant (p-

values: 0.00), thereby confirming that the modeaugo-regressive. The regression
estimates the mean of the spread (m) at €317/mtanthual volatility ¢) at €198 and

the mean-reversion ratg)(at 1.35.

TABLE 2

3.1.3 Statistical tests

The above regression model needs to undergo a mwhbd&gnostic tests in order to
verify its validity. The residuals of the regressishould be homoscedastic, not
autocorrelated and normally distributed. Furthestdeon the stability of the
parameters and the linearity in the functional f@ra performed. The results of these

tests are given in Table 3 and are discussed below.

TABLE 3

The distribution of the residuals ought to be ohstant variance over time, i.e.
homoscedastic. If this is not given, the standardreof the parameter estimates

would be flawed and so would be any inference enstnificance of the parameters.
18



However, the parameter values would be unbiasech awe the presence of
heteroscedasticity. The White test indicates that grobability of making an error
when rejecting the null hypothesis of homoscedigtis 0.49. We adopt the 0.05
probability level as the threshold between rejectamd non-rejection. Hence, the
residuals are not heteroscedastic. The autoregeessgression model already takes
into account autocorrelation in the spread. We s@kd to test whether the model
covers all of the autocorrelation. The consequentégnoring autocorrelation in the
residuals are the same as for heteroscedasticey, the parameters would be
inefficient but unbiased. The Breusch-Godfrey tesifirms that the residuals are not
correlated. The Bera-Jarque test for normal digtiam of the residuals rejects the
hypothesis of normality at the 1% significance lgewveeaning the residuals are not
normally distributed. While the residuals distriloat is not skewed, it is leptokurtic
(peaked relative to the normal) with a kurtosigtdf7 (3.0 for a normal distribution).
Since the kurtosis does not impact on the meahefdasiduals distribution, this non-
normality has no practical consequences for thielisabf the regression model.

The functional form of the chosen regression model linear. The
appropriateness of this form can be tested by meaRamsey's RESET test which
adds exponential terms of the dependent variabtedgaegression model. With one
fitted term (square of the dependent variable), dhernative hypothesis of a non-
linear functional form can be rejected at the Gigfmificance level so that our chosen
linear functional model is appropriate.

Parameter stability tests are intended to verifihdé parameter estimates are
stable over time or whether they change signifigafterforming a series of Chow
tests with different breakpoints over the sampjiegiod suggests that there might be

breakpoints at the end of 1998 and 2000, as caseba from Figure 5. Hence,
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parameter estimates based on data before the lbiatlkwould be significantly
different from estimates thereafter. In the long-rthe polyethylene-ethylene
conversion spread depends on the conversion ratinaeds to cover operating and
fixed/capital costs. With existing plants beingtdited globally, any changes in
these factors would happen slowly which is why ¢heeems to be no economic
justification for a sudden change in the long-tdramaviour of the spread. Recursive
coefficient estimates indicate that betlandp converge to stable values (see Figure
6). A CUSUM test also shows that the cumulative safnthe recursive residuals is
within the 0.05 significance range at all timesggesting that the parameters are

stable.

FIGURE 5

FIGURE 6

3.2  Asset-gpecific parameters

The key characteristics of the polyethylene plaet given in Table 4 together with

the calculation of the operating margin based ersffread as of December 2009.

TABLE 4

TABLE 5

The variable cost of production is composed of oam®ion material cost (see cost-

breakdown provided in Table 5 above), logisticst dos the delivery of the final
20



product within Europe, and personnel cost. Aboup80ple are required to operate
the shifts next to a management team of about™h. is under the assumption that
the plant is part of a larger petrochemical compkx that general services can be
shared. Assuming annual personnel cost of €50,8e0@mployee, the total personnel
cost amounts to €1.75 m. In case of temporary sisspe of the plant operations,
following a fire-and-hire strategy would endangbe tknow-how base. However,
many European countries provide for some flexipiltith regard to personnel
deployment, such as flexible working-time accouatsd short-time allowance.
Therefore we consider 2/3 of the shift personnelt ¢o be variable (€1 million) so
that the variable personnel cost per ton of poljetie produced is €4. Annual
maintenance cost for this kind of chemical plantestimated at 1.5% of the
investment cost (€3 million). Together with theefik personnel cost, the total fixed
operating cost amounts to €3.75 million.
As was said earlier in this paper, limited lifetimEthe asset (depreciation)
and specific technological and political risks assted with the investment are
accounted for by a Poisson event with the arrieaé k. The limited lifetime is
T

modelled in the form of exponential decay, whexe= I)\ e™Mdt is the probability
t=0

that the asset has reached the end of its lifebefere T. Assuming an expected

lifetime of 20 years, usd =20 and ¢,, = 05 to get the corresponding arrival rate

for depreciation as\p = 0.03E. Investing in, owning and operating a chemicahpla

is associated with significant technological risks)ging from non-compliance of the
chemical processes, patent conflicts, to produsblgiscence. Furthermore, political

risks persist over the asset lifetime, such a®fistrattacks, environmental issues or
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health concerns. We choodg =0.04%, and get the Poisson arrival rate for the asset

asA =Ap +A;.

3.3 Asset valuation

The theoretical models developed in Section 2 ap&v rapplied to value a
polyethylene plant with the empirical data from @a#0As an extension, we introduce

a hypothetical tax rate on the cash flow, so that the cash flow in theraktive
operating mode become@.—y)kl(p—c). The total asset value in the respective

operating mode is then given by AV and A\, according to

AV g1 = Vo1 - PV (cp )+ PV (tax), where PV(cq, ) = rcjx)\ is the present value of the

annual fixed operating cost and PV(tax) the preseahte of the tax break. Assuming
the investment cost (I) is linearly depreciatedrothee depreciation period (T) for

accounting purposes, as is the case in many Eunapmantries, the annual tax break

1

.
during T years isyl/T and its present vaIuée"V(tax):Z%y(1 )t. The asset
t=1 +r

values as a function of the spread and the swigcbioundaries are represented in

graphical form in Figure 7 below.
FIGURE 7

Considering first the alternative operating statben the plant is operated and the
spread is earned, it can be seen that the asset (@&V,) increases linearly in p for
very high levels of p while the function is convéor lower levels of p. This is

explained by the option to switch to the base dpeganode which is relevant for
22



lower p-values and negligible for high p-valuese™Malue function increases steeply
beyond the switching boundary pecause the switching option would largely exceed
the discounted cash flows. However, the function;, A8/not relevant for p<psince
the operating mode is changed at AV, increases gradually until the option to
switch and earn the spread reachgsS){ at the switching boundaryyp Even for
highly negative p-values, it is expected that p wilentually revert to the long-run
mean (m) so that the option on the spread declomd slowly towards zero for

negative spread levels.

TABLE 6

Table 6 above provides the asset value with andowttoperating flexibility together
with the switching boundaries for the standard pexi@rs and various scenarios in
order to test the sensitivity to changing paranseteor the standard parameters, we
find a value of the operated plant with no flextlyilof €251 million compared to an
asset value with operating flexibility of €255 rolh, which is a 2% premium and
suggests a low probability of suspending the asgetration. These asset values
compare to an investment cost of about €200 millibme switching boundaries p
and p lie to both sides of the variable operating cagt s would be expected,
however, not symmetrically. Suspending the openatiould be recommended at a
net cash flow (p-c) of -€23.67/mt compared to mst@ at €19.72/mt. This
asymmetry is explained by the long-run mean of pclvlis significantly above the
operating cost. Suspension is delayed more thammeason. The switching

boundaries are distributed symmetrically to botesiof the variable operating cost if
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the switching cost is zero, thepgpy=c, or if the long-run mean of the spread was
identical to the variable operating cost.

Let us first validate the behaviour of the valuadiion with regard to the
parameters of the underlying uncertainty and theth wegard to asset-specific
parameters. When testing for zero volatility, tpeesd will tend towards its long-run
mean (m) in a deterministic way. With m>c and afichastic elements eliminated,
the option to suspend becomes irrelevant so tleabpierating flexible asset is valued
exactly the same as the non-flexible one. Furtheemib the plant is suspended, it
would be resumed as soon as the spread exceesarthble operating cost because
with m>c, the net cash flows (p-c) are positivarirthat time on and the present value
of those net cash flows exceeds the switching (®st. Now, let the speed of mean-
reversion ) be zero so that the Ornstein-Uhlenbeck procespldies to a Brownian

motion process with no drifidp=odz. For the non-flexible plant, the present value

declines when mean-reversion is relaxed becauserise increases with time

(volatility proportional to the square root of tijnerhis is reflected in a higher
discount rate for the spread in equation (11). Assallt, the present value of €166
million is significantly lower compared to the meversion case and would even
not justify the investment. In contrast, the valok the flexible asset increases
significantly by about 25% to €315 million whenaring mean-reversion, which is a
90% premium on the non-flexible asset. This is iast with real options theory

because the lower the speed of mean-reversioniginerhthe absolute volatility and

the higher the option values.

Assuming different variable operating costs, theicop premium increases
with higher operating cost because the probahilitgxercising the option (switching)

increases. However, as long as the option is faénenmoney, (p-¢»0, the premium
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is rather small. The results confirm the intuitkbiat in the absence of switching cost,
switching is optimal as soon as the spread cragsesperating cost, so that the cash
flow is given by Max[p-c;0]. Although the switchingpst significantly influences the
switching boundaries, its effect on the asset vaduminor because the current and
long-run expected spread is far above the operatstyand hence the probability of
suspending the plant and incurring switching costew. Figure 8 below illustrates
the sensitivity of the switching boundaries to tleiable operating cost and to the
switching cost. It can be seen that whilggnd p move in line with the operating
cost, the switching boundaries are not symmetsiadibtributed around the operating
cost because #At. Finally, comparing the case of an initial spre&c€500/mt vs. a

spread of €150/mt, the difference in asset valuelgvbe about €40 million.

FIGURE 8

It is now interesting to simulate the asset opematon the basis of historical
commodity prices. Figure 9 shows the developmenthef polyethylene/ethylene
spread over the last decade, together with thd Eveariable operating cost of the
conversion plant and the switching boundariesalt be seen that the plant should
have been idle most of the year 2000 and be suesdeind2004 and 2005 for about
one month each time. In these cases, ethylene @ttex Bold to the market instead of
polyethylene. Most of the time, however, the sprieadl exceeds the variable cost by
far, so that sell polyethylene was the better pegdwhich explains the rather small

option premium for the flexibility of suspendingetplant of 2%.

FIGURE 9
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34 The Greek Letters

The risk measures Delta and Gamma of the asseé &k provided in Figure 10.
Delta is defined as the change of the asset valtlecanges in the spread (p), and
Gamma is the change of Delta with changes in theasp The asset value function in
the base operating mode (suspension) is a convetidnm in p, therefore Delta is also
increasing in p. When the asset is in the altereatiperating mode (operation), the
asset value increases with the spread and the Bpfiebaches a constant value for
high levels of p, because the option to suspendrhes negligible. For a level of the
spread lower than the switching boundary, the assee function finds a minimum
and increases again for lower levels of p in orgereflect the switching option.
Hence, the Delta function is zero when the valuetion (V;) is at a minimum, and

negative for lower levels of the spread.

FIGURE 10

4 Implications

4.1 Implicationsfor participantsin the polyethylene industry

Three generic strategies are available to companiesived in the production of

polyethylene: investing in a polyethylene plantbyilding a new one or buying an
existing one, optimising the operations, or divagtiThe model and the results from
the previous section enable us to evaluate thessegies and to point out

opportunities and pitfalls.
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Both investment and divestment decisions requamesiparency on the value of
the transaction asset to determine an appropretsdction price or to compare to the
investment cost. When setting up a new plant,rtkkestment is supposed to add value
and the project should be implemented at the riighe to maximise the value. The
polyethylene plant is valued at €255 million whimdmpares to the investment cost of
about €200 million. Hence, the investment wouldpositive in the current set of
circumstances. We have seen that the asset valukel wary by about 15% (or €40
million in absolute terms) if we vary the initiapread level between the extreme
levels of €150/mt and €500/mt. Ceteris paribus,itkestment is more valuable if the
current spread is high. With regard to taking tbial investment decision, this needs
to be interpreted in combination with the time tailéh (about two years) and the
correlation between spread and investment costritbéel above assumes constant
investment cost).

In the design phase of the new plant, decisiongaken regarding the degree
of operating flexibility to be incorporated intoettasset. The asset with operating
flexibility has been shown to exceed that witholaxibility by about €4 million.
Thus, operating flexibility should be incorporatsilong as it can be implemented for
a cost of less than €4 million. Furthermore, adraff between reduced operating cost
and higher investment cost is commonly encounteffed.instance, if the variable
operating cost of the polyethylene plant could éduced from €128.5/mt to €100/mt,
this would justify a €36 million higher investmesust.

Transparency on the spread levels triggering teargosuspension and
resumption is essential for the management teamabpg the plant so that these

critical decisions can be prepared in good timee @eeds to be aware that switching
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boundaries change when variable operating cost [@gistics cost) or the cost of

ramping up or down the plant change.

4.2  General implications

The application of the continuous rainbow optiors Ishown that the flexible asset
increases in value when relaxing the mean-revergpim the underlying uncertainty.
This is consistent with the Smith and McCardle @9&onclusion that the option of
flexibility is worth less when the underlying vasla is mean-reverting instead of
random walk. Fom=0, the stochastic process simplifies to a Browniastion with
no drift. Real options theory tells that the valak real options increases with
volatility, and a non-stationary Brownian motionrnsore volatile than a stationary
mean-reversion process. On the contrary, the rexible asset decreases
significantly in value if mean-reversion is relaxetiich is due to the higher discount
rate. Laughton and Jacoby (1993) call these twasipg phenomena the variance
and discounting effects. From this can be concluttet flexibility in assets is
recommended when the value drivers are non-statipménereas the extra cost for
flexibility might not be justified when the valuetders are stationary.

The results also highlight the relevance of asegsshe degree of co-
integration of markets. If two co-integrated valésb are modelled as geometric
Brownian motion with the appropriate correlationeit spread would not be bound
and asset values based on these variables wouddtéebe overstated. Instead, the
spread of two co-integrated variables should beeatied as a stationary process.

In real life, decisions to realise large scale siueents are typically taken at
times when the uncertain value-drivers are highear its peak, for obvious reasons.

Assuming this value-driver is a commodity and felfoa mean-reverting stochastic
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process, the probability is high that the price reserted back towards its long-run
mean by the time the investment goes on streamaduition, investments are
typically most expensive when the economy is bognaind the general price level is
high. The opportunity can then be seen as an golical investment. When the
economy is weak, commodity prices tend to be weakerinvestment costs tend to
be lower as well. This seems to be a good timentest, so that by the time the
investment is completed, the commodity price ressbetck towards its long-run mean
while the savings on the investment cost have bealised. The booming years of
2007/8, when the cost for large-scale investmemsst doubled compared to the

normal level, demonstrated that this effect canuoee significant.

5 Conclusion

This paper presents a continuous option to chobeebest of two co-integrated
commodities. Since the spread of two co-integratadables can be modelled as
arithmetic mean-reversion, this real rainbow opttan also be interpreted as an
entry/exit valuation problem on a mean-revertingckastic variable, hence reducing
the complexity from two-factor to one-factor. Wevdlp a quasi-analytical solution
for which all parameters can be estimated from eglidata.

An application of the model to value a polyethylghent based on the spread
between polyethylene and ethylene demonstrateshtbatption to switch between the
two commodities increases when there is no meagrs@n. For the empirical data,
we found a premium of the continuous rainbow optower the operation with no
switching flexibility of merely 2% which is due tbe mean-reverting characteristic of
the spread and the on average large positive ret flaw, resulting in a low

probability of switching to the alternative opergtimode. When simulating zero
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mean-reversion, the rainbow option becomes sevienals as valuable as the non-
flexible asset. One main implication from this st incorporating flexibility into

assets seems more promising when the value-drasgrsnon-stationary while the
value of flexibility in co-integrated markets is molimited. On the other hand,
opportunities are found in anti-cyclical investindpen the value-driver is stationary
because the investment can be made when pricesitiaticosts are low, with prices
expected to revert back to their long-run meanHhgy/ttime the benefits are realised.
An interesting extension to the model would therefbe to determine the optimal
investment timing based on a fixed investment castl then on a stochastic

investment cost proportional to the spread.
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Appendix A. Proof of the transformation of the PDEinto Weber's equation
Equation (15) is to be transformed on the basithefsubstitutionsv, = F(x) and

x:\/H(p+gj, as suggested by Kampke (1956, p. 414). The &rst second

derivative functions of V are:

a_p_a_xa_p_&\/ﬁ

These derivatives are applied to equation (15),takithg into consideration that a<0

we obtain:

2 2
gp\z/ +(ap+b)g—\;+dw =%|al+[a[i_gj+bJ% la| +dF

\/ﬁa ox

2
:E—XE—QDF:O
x> Ox a

12

SubstituteF = G(x)e“x and take the derivatives:

12
E:(O_G+1X [q;je4x

9°F _(9°G 0G (1 1 zj 1,2
— = —+X—+| =+=Xx“ |G |e*
x> |ox? ox \2 4

With the above substitutions, we obtain the Welggraéon:

9°G _(x* d 1
- = —+=-=-=G
x> |4 a 2
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Appendix B. System of equations
With Ap=0 and B=0, equations (21) and (23) simplify to

Vo(p)= By m_d/a(_ ﬁ[m gDei[ﬁ(mzhz

and

b
pr=

V,(p)= A, Eﬂ)_d/a(\/ﬂ[p+gjj e‘l‘[ﬁ( a)jz Fulp+w

With the value functions above, the two boundargditions, (24) and (25), can be

evaluated:

(00 o) 0 )

a

[BO DD_d/a(_ ﬁ(m +ED_ A, DD-d/a[ ﬁ[m , g)])eﬂﬁ[szz

a
—ulp, —w-5,=0
For the evaluation of the smooth pasting conditicdhe derivative function of the

parabolic cylinder function is used:

S, ()=[ 510y )+ VDL () 160

dx dx

(26) can then be assessed and simplified:

S - B0 )} 8+ o

a

Similarly, from (27):

TN T
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Figure 1. General shape of the value functiops™ 4
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Figure 2. Simplified scheme of inputs and outptta polyethylene plant (HDPE)
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Figure 3. Equilibrium price changes in reactionsapply shift in cost-driven and
demand-driven markets
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Supply/Demand equilibrium prices in cost-driven kedr(top) and demand-driven market
(bottom). An increase in production costs leadsaoupward shift in supply. Equilibrium
price is more sensitive to a supply shift in a atrsten market than in a demand-driven

market.
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Figure
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Monthly data, prices in € per metric ton and folivdey within Europe. Ethylene: spot prices.
Polyethylene: HDPE quality (high-density polyetmgd¢. Spread defined as polyethylene
price less 1.017 times ethylene price.
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Figure 5. Chow tests on parameter stability wigpeet to particular breakpoints
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P-value gives the probability of making an errorewtrejecting the null hypothesis of no
breakpoint. Chow test splits the sample data imo periods divided by the breakpoint and
compares the residual sums of the regressions tinese sub-samples with the residual sum
of the regression over the whole period. Ordinaast squares regression for the Ornstein-
Uhlenbeck procesg, =a +Bp,_; +¢,
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Figure 6. Recursive coefficient estimates
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considered. Convergence towards a stable valueateli parameter stability.
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Figure 7. Asset value as a function of the spread
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Spread (p) in €/mt and asset valuesgMhd AV, in €. Switching from not operating to
operating the asset aft,pvice versa atp Asset values on dashed lines not applicable Isecau
switching of operating mode is triggered.

Long-run mean of p: m = €316.8/mt; Speed of meaenzon of pm = 1.35; Volatility of p:

o = €198 p.a.; Variable operating cost: ¢ = €128t5@apacity of p: k= 250,000 mt p.a.;
Switching cost for resuming operationy; S= €40,000; Switching cost for suspending
operation: & = €20,000; Required returmt = 0.10; Risk-free rate of return: r = 0.05;
Exponential decay and technological/political risks 0.08; Tax rateg = 0.3; Fixed operating
cost: g, = €3.75 million p.a.; Annual depreciation: €10lmoih over 20 years.
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Figure 8. Switching boundaries as a function ofalde operating cost
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Switching boundariesipand p as a function of variable operating cost (c) amddifferent
switching costs for resuming and suspending opmrafly; = So) of €0, €50,000 and
€200,000.

Standard parameters: Current value of the spread: €8340/mt; Long-run mean of p:
m = €316.8/mt; Speed of mean-reversion of#t.35; Volatility of p:c = €198 p.a.; Capacity
of p: k = 250,000 mt p.a.; Required retugn:= 0.10; Risk-free rate of return: r = 0.05;
Exponential decay and technological/political risk: 0.08; Tax ratg = 0.3; Fixed operating
cost: g, =€3.75 million p.a.; Annual depreciation: €10liih over 20 years.
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Figure
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Monthly prices for the polyethylene/ethylene sprépdlyethylene price less 1.017 times
ethylene price) in € per metric ton of polyethyleara for delivery within Europe. Suspend
conversion of ethylene to polyethylene if the sdr&ls below p = 104.8 €/mt and resume at
p. = 148.2 €/mt.

Parameters: Variable operating cost: ¢ = €128.5@atpacity of p: k= 250,000 mt p.a,;
Switching cost for resuming operationy; S= €40,000; Switching cost for suspending
operation: & = €20,000; Required returnt = 0.10; Risk-free rate of return: r = 0.05;
Exponential decay and technological/political risk: 0.08; Tax ratg = 0.3; Fixed operating
cost: g, =€3.75 million p.a.; Annual depreciation: €10liaih over 20 years.
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Figure 10. Delta and Gamma for asset values in &adealternative operating mode
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Delta (A) and Gammal) for the asset value in the base operating moaj@ @nd in the
altezrnativtze operating mode (bottom) as a functibthe spread (p) in €/ mh =38V / ép andl’
=8V /op-.

Parameters: Long-run mean of p: m = €316.8/mt; &m#emean-reversion of pj = 1.35;
Volatility of p: o = €198 p.a.; Variable operating cost: ¢ = €128t5@apacity of p: k=
250,000 mt p.a.; Switching cost for resuming openatS),; = €40,000; Switching cost for
suspending operation;ss= €20,000; Required returp: = 0.10; Risk-free rate of return: r =
0.05; Exponential decay and technological/politidak: A = 0.08; Tax ratey = 0.3; Fixed
operating cost:s = €3.75 million p.a.; Annual depreciation: €10lmaih over 20 years.
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Table 1. Augmented Dickey-Fuller test for unit ot time series

Probability of unit roots on Probability of unit roots on

prices 1% difference of prices
Ethylene 0.043 0.000
Polyethylene 0.057 0.000
Spread 0.005 0.000

MacKinnon one-sided p-values give the probabilitynaking an error when rejecting the null

. . . , . . 12 .
hypothesis that unit roots exit. Unit roots arespré if the regressiop :z(nyt_i +u, yields

i=1
®;>1 for any i, where yis the dependent variable at time t apdhe residual at time t. The
presence of unit roots indicates that the processi-stationary. Maximum number of lags to
account for autocorrelation: 12 months.
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Table 2. Regression model for the Ornstein-Uhleklpeocess of the spread

Regression parameter Value Std. Error p-value
a 33.62 10.06 0.00

B 0.894 0.029 0.00

O 54.11

Parameters of the Spread Value Unit

m 316.8 EURM

Nmonth 0.11 per month

Nyear 1.35 peryear

Omonth 57.2 EUR/t per month

Oyear 198.0 EURI/t per year

Ordinary least squares (OLS) regression model ef gblyethylene-ethylene spread (p):
p, =a+Bp,, +&,. P-values give the probability of making an emdren rejecting the null

hypothesis that the respective parameter is zero.
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Table 3. Diagnostic tests on regression model

Test p-value Interpretation

Heteroskedasticity test of residuals

White Test

Probabilty F-distribution 0.49 Do not reject thel ypothesis
of homoscedasticity

Autocorrelation test of residuals

Breusch-Godfrey

Probabilty F-distribution 0.21 Do not reject thel wpothesis of
no autocorrelation

Normality test of residuals
Bera-Jarque

Probability CHi-distribution 0.01 Reject the null hypothesis of nalty

Test for misspecification of functional form

Ramsey's RESET test

Probabilty F-distribution 0.09 Do not reject thel ypothesis
of the functional form being linear

Regression modep, =a +Bp,_, +&, -

The White test yields the probability according an F-distribution for the joint null
hypothesis thatp;=0, p,=0 and ps=0 in the auxiliary regression of the residuals
8.2 = p,+p,Piy +Psp,, +u, Where yis a normally distributed disturbance term. Sqddeems

are included.
The Breusch-Godfrey test yields the probabilityaxding to an F-distribution for the joint

null hypothesis thatpi=0 for i=1..12 in the auxiliary regression of thesiduals

12 . . . .
&, :V1+Vzpt—1+zpi§t—i +u, where yis a normally distributed disturbance term. Tocaot

i=1
for autocorrelation covering 12 months, 12 laggedis are included.

The Bera-Jarque test statistic is given@fsz+ (k -3)3] , Where _ E[¢°| is the skewness
6 4 ®

9

S
and, _E ¢*| the kurtosis of the residuals distribution. The@garque statistic is distributed
0.4

as a Chi-square with 2 degrees of freedom.
Ramsey's RESET test yields the probability accagdio an F-distribution for the null
hypothesis thap,=0 in the auxiliary regression of the residugys=y, +y,p,_, +p,p,% +u,

where yis a normally distributed disturbance term.
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Table 4. Overview of asset parameters

Capacity polyethylene 1K 250,000 mt per year
Feedstock ethylene ok 254,250 mt per year
Ramp-up cost ) 40 ‘000 €
Ramp-down cost o) 20 ‘000 €
Current spread p 340.0€/mt polyethylene
Logistics cost 50.0 €/mt polyethylene
Consumption materials 74.%/mt polyethylene
Personnel cost 4.0€/mt polyethylene
Variable operating cost C 128.%/mt polyethylene
Current margin p-C 214.9€/mt polyethylene

During the ramp-up phase the process stability a¢ given at all times so that the
polyethylene produced is of lower quality. The raugpcost is then the lost income based on
an estimated price reduction of €20/mt for the logade and a ramp-up time of 24h up to 3
days. When suspending the operations temporalily,variable personnel costs cannot be
eliminated immediately, assuming that one weekarisa will be incurred for non-productive
time following a ramp-down.

As quoted commodity prices refer to delivered paisglulogistics cost refer to delivery of
polyethylene within Europe. Current spread as afebaber 2009.
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Table 5. Cost of consumption materials for the HXREry process

Production inputs Consumption for  Unit prices Cost for 1,000 kg
1,000 kg of HDPE of HDPE

Catalyst €4
Hydrogen 0.7 kg 2.4 €/kg €1.7
Hexan 7 kg 650 €/t €4.5
Stabilisers €20
Steam 500 kg 25 €/t €12.5
Electric power 600 kWh 45 €/MWh €27.0
Cooling water 200 m® 2.4 €ctn? €4.8

€745

Main production inputs to the HDPE slurry procesiseo than ethylene. Consumption data
based on Meyers (2004). Electric power and coolieger consumption data adjusted to
account for the extruder. Estimate for cost of lbgdn on natural gas basis from FVS (2004).
Prices of hexan, steam and cooling water baseddursiry experts interview. Electric power

based on average spot electricity prices at Europeargy Exchange.
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Table 6. Sensitivity analysis of switching boundarand asset values

Flexible asset

Non-flexible asset

Sensitivities 0] pH AV1=Vi1-PV(cix) + PV(tax)] PW1-PV(aix) + PV(tax)
[€/mt] [€/mt] [million €] [million €]

Standard parameters 104.83 148.22 265 1 25
Sensitivity to volatility

c=0 115.16 128.53 251 251
Sensitivity to mean-reversion)(

n=0 106.95 150.17 315 166
Operating cost sensitivity

¢ = €100/mt 76.00 119.41 291 289

¢ = €150/mt 126.58 169.95 22§ 222
Switching cost sensitivity

So1=S0=%€0 128.50 128.50 255 251

So1 = S0 = €200,000 80.01 162.62 254 251
Sensitivity to current spreadolp

po =500 104.83 148.22 273 269

po = 150 104.83 148.22 234 229

Standard parameters: Current value of the spread340/mt; Long-run mean of p: m = €316.8/mt; peemean-reversion of p=1.35; Volatility of p:c = €198
p.a.; Variable operating cost: ¢ = €128.5/mt; Figedt: ¢, = €3.75 million p.a.; Capacity of p; k 250,000 mt p.a.; Switching cost for resumingragien: $; =
€40,000; Switching cost for suspending operatiof; S €20,000; Required returnt = 0.10; Risk-free rate of return: r = 0.05; Expoti@ decay and
technological/political riskh = 0.08; Tax ratg = 0.3; Fixed operating costixc= €3.75 million p.a.; Annual depreciation: €10l over 20 years.
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