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ABSTRACT. We study valuation of swing options on commodity markets when the commodity
prices are driven by multiple factors. The factors are modeled as diffusion processes driven by a
multidimensional Lévy process. We set up a valuation model in terms of a dynamic programming
problem where the option can be exercised continuously in time. Here, the number of swing
rights is given by a total volume constraint. We analyze some general properties of the model
and study the solution by analyzing the associated HJB-equation. Furthermore, we discuss
the issues caused by the multi-dimensionality of the commodity price model. The results are

illustrated numerically with three explicit examples.

1. INTRODUCTION

The purpose of this paper is to propose and analyze a model for valuation of a swing option,
see, e.g. [6], written on multiple commodities when the commodity spot prices are driven by
multiple, potentially non-Gaussian factors. More precisely, the model is formulated as a dynamic
programming problem in continuous time. The holder of the option is contracted an amount of
a given commodity that can be purchased for a fixed price during the lifetime of the contract.
The purchases can be done (that is, the option can be exercised) continuously in time such that
contracted rate constraints are fulfilled. This form of contract originates from electricity markets,
where they are called flexible load contracts, see, e.g. [5, 18]. However, this model setting can also
fit a traditional swing option with a high number of swing rights and possible exercise times. For
example, we can think of a situation in an electricity market where contract is written for a year
and holder can exercise on the hour-ahead market. This results into over 8000 possible exercise
times, which makes, in particular, Monte-Carlo methods virtually intractable.

During recent years, there has been a lot of activity on analysis of swing options. Being
essentially a multi-strike American or Bermudan option, a natural way to approach swing options is
via an optimal multiple stopping problem. In the recent papers [7, 2], the theory of optimal multiple
stopping is developed in continuous time using sophisticated martingale theory. To compute option
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prices numerically, they develop the appropriate Monte-Carlo methodology. Other methodology
for swing option pricing includes forests of trees [14, 13, 20, 10] or stochastic meshes [19], multi-
stage stochastic optimization [12], (quasi-)variational inequalities [8, 16] and PDE approaches
[17, 4, 18]. Fundamentally, all of these methods are based on the dynamic programming principle.

As the main contribution of this paper, we develop a valuation model for multi-commodity
swing options inspired by [4]. In [4], the valuation problem was studied in the case of a single
commodity driven by a one-factor Gaussian price process. In this paper, we generalize the results
of [4] to cover multiple contracted commodities with prices driven by multiple factors. From an
applications point of view, this is an important generalization, since there is a substantial body of
literature supporting the usage of multi-factor models for commodity prices. Moreover, we allow
also for non-Gaussian factors, which are favored, for example, in electricity price models, see, e.g.
[3, 13]. We model the factors as a multi-dimensional Lévy diffusion and the underlying commodity
prices are obtained by a linear mapping of the factors. This makes our model more tractable yet
keeping it still very flexible as it allows us to take, for example, heat rates and spreads into account
in a natural way. Our study is also related to [15], where a similar model is used to study the
hedging of swing options. We also refer to [17], where swing option pricing is considered under a
non-Gaussian multi-factor price model. However, the analysis of [17] is restricted to a modification
of the so-called Deng model (see [9]), which is a particular mean-reverting model. In our paper,
we set up and analyze a class of models where the underlying factor prices follow a general Lévy
diffusion. The existing mathematical literature on swing options is mostly concerned with the
pricing of a swing option. In addition to pricing, we also address the question of how to exercise
a swing option optimally. From the analytical point of view, we identify using the HJB-equation
an optimal exercise policy and characterize it in an intuitive way using the notion of marginal lost
option value. We also present a numerical analysis of the problem including a numerical scheme
based on the finite difference method.

The reminder of the paper is organized as follows. In Section 2 we propose our model for the
valuation of swing options. In Section 3 we analyze some general properties of the value function.
Section 4 is devoted to the derivation of necessary and sufficient conditions for a function to
coincide with the value function. We illustrate our results with explicit examples in Section 5,

which are solved numerically in Section 6. Finally, we conclude in Section 7.
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2. THE VALUATION MODEL

2.1. The price dynamics. As we mentioned in the introduction, the prices of the commodities
are driven by multiple factors. Throughout the study, the number of commodities is m and the
number of driving factors is n. The factor dynamics X are modeled by an n-dimensional Lévy
diffusion. To make a precise statement, let (Q, F,F,P) be a complete filtered probability space
satisfying the usual conditions, where F = {F;};>¢ is the filtration generated by X. We assume

that the factor process X are given as a strongly unique solution of the It6 equation

(2.1) dX(£) = alt, X (t))dt + 5(t, X (£))dW; + / 5t X (1), €)N (dt, de),
R
where W = (W1, ..., WW™) is an n,-dimensional, potentially correlated, Brownian motion satisfy-

ing (W', W7), = p;;dt with p;; € [—1,1] for all 4, j. Furthermore, N = (N',..., N™) denotes an
n;-dimensional Poisson random measure with Lévy measure v given by the independent Poisson
processes 1, ..., n™. Here, v({0}) is the unit measure concentrated on zero and it is finite. The
coefficients « : [0,T] x R” — R"”, ¢ : [0,T] x R® — R™*™ and 7 : [0,T] x R” x R™ — R™*™
are assumed to be sufficiently well behaving Lipschitz continuous functions to guarantee that the
It6 equation (2.1) has a unique strong solution — see [1], p. 365 — 366. The motivation to model
the randomness using Brownian and finite activity jump noise comes from electricity prices. In
this framework, the jump process models the spiky behavior in the prices whereas the Brownian
motion takes care of the small fluctuations.

Using the factor dynamics X, we define the m-dimensional price process t — P, := P(X;) via

the linear transformation
(2.2) P(z) = Bz,

where € R™ and B is a constant m x n matrix with rank(B) = m < n. In other words, there
exists constants (b;;) such that P(z) = dim1 bijx? for all i = 1,...,m, that is, the commodity
prices are linear combinations of the driving factors. The component P? models the time evolution
of the price of the ith commodity and this price is driven by the n factors, i.e. the n-dimensional
Lévy diffusion X given as the solution of the It6 equation (2.1). Since the price is linear as a
function of the factors it is easy to change the model into a price model for spreads. Furthermore,
the matrix B in (2.2) can be interpreted as a constant weight between the different factors X

affecting the price. That allows us to take, for example, heat rates into account in our model.
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In the definition of the factor dynamics, we assumed that the jump-diffusion X and the driving
Brownian motion and Lévy process have all different dimensions. For notational convenience, we
assume in what follows that these dimensions are the same, i.e. n = ny = n;. We point out that
the following analysis holds with obvious modifications also in the case where these dimensions

are different.

2.2. The valuation model. The swing option written on the price process P = P(X) gives
the right to purchase the given amount M of the commodities ¢ over the time period [0,7]. In
addition to the global constraint M, the purchases are also subject to a local constraint @ which
corresponds to the maximal number of swing rights that can be exercised on a given time. Since
the swing option can be exercised in continuous time, the local constraint is the maximum rate at
which the option can be exercised. To formalize this, let U’ = U i gi be the set of F-measurable,

real-valued processes u’ = u’(X) satisfying the constraints
uy € [0,a'], / usds < M°*,
0

foralli=1,...,m and t € [0,T]. Here, the elements 4 = (') € R™ and M = (M?) € R™. The

R™-valued process Z defined as

¢
(2.3) Zti:/ usds,
0

where ¢ = 1,...,m, keeps track of the amount purchased of commodity i up to time ¢. In
what follows, we call Z the total volume and denote the product ®;’;1Ui as U. The integral
representation for Z% in (2.3) is well defined due to the local constraint.

Our valuation model is in line with a flexible load contract where the holder has no obligation
to exercise. These type of contracts are traded in Scandinavian electricity markets. A practically
interesting extension would be to consider the case the holder in obliged to purchase a certain
volume of the commodity, that is, there is a strictly positive lower limit on Zp. The authors are
currently investigating this extension.

Denote the set S := [0, x @:~,[0,M;] x R™ and define the affine function 4 : R™ — R™ as
(2.4) A(z) = Qx + K,

where @ = (g;;) is an m x m matrix and K € R™. Define the expected present value of the total

exercise payoff J : § x U — R given by the rate u € U from time ¢ up to the terminal time T (or,
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the performance functional of u) as

T m
/ e "=t Z Al(PS)uids
t =1

where r > 0 is the constant discount factor. We point out that function J is defined explicitly

(2.5) J(t,z,p,u) =E

Zt:Z;Xt:x‘|7

as a function of the factors X. This corresponds to that the holder of the contract observes the
underlying factor and bases her exercise decisions of this information. Furthermore, we remark
that this framework covers essentially call- and put-like payoffs, where the strike prices are given
by the constant vector K. Now, the value function V' : § — R is defined as

(2.6) V(t,z,p) = sup J(t, 2,p,u).
uweU

We denote an optimal rate as u*.

We make some remarks on the valuation problem (2.6). The dimension of the decision variable
u is the same as the dimension of the price. That is, we can exercise the option for each price
component, which corresponds to different commodities, with a different decision variable. Fur-
thermore, we defined the function A such that it takes values in R™. This is done for notational
convenience. Suppose that we have an m-dimensional price process but the decision variable u is
k-dimensional with & < m. This corresponds to the case where m commodities are bundled into
k baskets and the holder can exercise the option on the baskets. Formally this is done by defining

the affine function as A : R™ — R*. This will not affect the form of the value function.

3. SOME GENERAL PROPERTIES

In this section we study some general properties of the valuation problem (2.6). We split the
analysis in two cases, depending on whether M* > 4T or M’ < @'T for a given commodity
i. In the latter case, the limit M? imposes an effective constraint on the usage of the option in
the sense that the amount M? is dominated by the amount that can be purchased if the option
is exercised on full rate over the entire time horizon. This case, i.e. the case when an effective
volume constraint is present, is the interesting one from the practical point of view. It is also
substantially more difficult to analyze mathematically as we will see later. Before considering this
case, we study the complementary case when the effective volume constraint is absent. This will

give us a point of reference in the other case.

3.1. Without an effective volume constraint. We consider first the case where M* > @'T for

a given commodity ¢. The total volume constraint for the commodity 4 is now superfluous, since it
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is possible for the holder to exercise the option at full rate throughout the lifetime of the contract.
In the absence of an effective volume constraint for the commodity i, an optimal exercise rule is

given by the next proposition.

Proposition 3.1. Assume that M? > @'T for a given commodity i. Then an optimal exercise

rate u** for the commodity i reads as

at, if AY(P) >0,
0, if AY(P) <0,

for allt €10,T7.
Proof. Let uw € U and t € [0,T]. First, we observe that u*" € Y'. Furthermore, we find that

T m
E / e (=Y Z AL (P,)ulds
t =1

Zt:Z, Xt_l"|

T
- E / e " AP ullai(p,)<0yds

t

Zt:Z, Xt:.%"|

[T
+E / eir(sit)Al(Pt)ué].{Az:(pt)>0}dS

t

Zt:Z, th]

(3]_) i T m
+E / e TN " AN (P)ulds
t

=1
L I#£i

Zt:Z7 Xt=$‘|

T
<E / e "D AN P)UL ds
¢

Zt:Z7 th"|

T m
+E / e TN AN (P)ulds
¢ 1=1

1#i

Zt:Z7 Xt:x]

Now, take supremum over all u! on the left hand side and supremum over !, [ # i, on the right
hand side of (3.1). Since the functional J is linear in u, the same inequality still holds and,

consequently, the conclusion follows. O

Proposition 3.1 states that in the absence of an effective volume constraint for commodity i, it
is optimal to exercise the option whenever the payoff A*(P;) is positive, i.e. when (QFP;)* > —K°.
This is a natural result, since the holder does not have to worry of running out of the option over

the planning horizon.
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Remark 3.2. Since @ is a constant vector, we find using Proposition 3.1 that the value function
does not depend on z* in the absence of an effective volume constraint for commodity i. In other
words, we observe immediately that in the absence of an effective volume constraint for commodity
i, the marginal value %(t, z,p) = 0. From the financial point of view, this is also a very natural
result. Indeed, if the holder uses the option on a commodity with no effective volume constraint,

the option will not lose value.

To close the subsection, we discuss how the dimension of the range of the function A affects the
value given by (2.6). For simplicity, assume that there is no effective volume constraint for any of

the commodities and that the function A : R™ — R™ is of the form
(3.2) A(z) = diag(q1,. .., qm) -z + K,

for K € R™. Using Proposition 3.1, we know that the optimal exercise rule for the valuation
problem specified by the payoff structure (3.2) is

l a if A(P) >0
(3.3) up =

0 if AY(P) <0,
for all t € [0,T7] and I = 1,...,m. Formally, we can decrease the dimension of the range of A
from m, for example, as follows. Take m’ < m and define the m/ x m-matrix Q = (Gi;j) such that
each ¢; occurs only once and on exactly one column of Q and the other elements are zero. In
financial terms, this means that the commodities ¢ are bundled into m’ pairwise disjoint baskets
with weights ¢;. Then the option gives exercise rights on each of these baskets with separate

exercise rates. Now, let the function A : R™ — R™ be A(z) = Q -z + K with K € R™ such that

m
(3.4) K=Y K
j=1
Gij 70
for all 4 = 1,...,m/. Using the same reasoning as in Proposition 3.1 we find that the optimal

exercise rule for the valuation problem (2.6) given by Ais

a it AYP) >0
(3.5) al =
0 if A(PR,) <o,
forallt € [0,T] and I = 1,...,m’. Denote the value for m-dimensional (m/-dimensional) problem

as V (V). Furthermore, denote the m’-dimensional total volume variable as Z and assume that
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. . . . _ ~1/ _
all maximal exercise rates coincide: @' =4 =aforalll=1,...,mand !’ =1,...,m'. Then,

due to the structure of matrix Q, we find using (3.4) that

- .
V(t> Z,p) =E / 7770 ZAI(PS)al{QquL+Kl>O}dS Zy =2 Xy = ‘/I;|
L/t 1=1
(3.6) T Uy Lz .
: >E / e TONTN N (i PL+ Ky)udy | ds | Zy =2, Xy = x]
t i=1 | j=1
L é]iﬂéo

= V(t, 2ap)v

where the events

m
Hi={ Y (4;PI+K;) >0y,

j=1

470
and the cumulative variable Z is defined analogously to (3.4). Summarizing, we have shown that
by bundling commodities 7 into mutually disjoint baskets and, thus, reducing the dimension of the
exercise rate process u, we lower the value of the option. This is, again, a natural result, since
the bundling of commodities lowers flexibility of option contract in the sense that the holder must
exercise the option at the same rate for all commodities in the same basket. This is in contrast to

the case with separate commodities, where the exercise rates can be decided individually for each

commodity.

3.2. With an effective volume constraint. In this section, we consider the case where M; <
u; T, in other words, the case when the total volume constraint is less than the maximal amount
of commodity that can be acquired over the lifetime of the option. From a practical point of view,
this is the interesting case. It is also substantially more difficult to analyze, since in this case
we cannot find an optimal exercise policy explicitly as in Proposition 3.1. Instead we find the
value function as the solution to the HJB-equation and an optimal exercise policy is obtained as
a biproduct.

Our first task is to write the conditional expectation in (2.6) such that it depends explicitly
on Z. This will be helpful in the later analysis. To this end, define the process Y as Y; =
e Tty AY(P(X,))ZL. Then the Ito formula yields

(3.7)  dYy=—re > AY(P(X))Z{dt
=1

+ i et i i 7 o (a];gXt)) or: (Xt) (ai(t, Xp)dt + o3 (t, X )dWy)

: ot
=1 j=1
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et Z A P(Xy))uldt

- 82 7
+ 5 Z oo’ )ire tZZl axzaxk FAPK) yryyri iy,

zk 1
oy [em Sz {alpen 99X, €9) - AP )} V¥ ).
k=1"R 1=1
Since A is affine and P is linear, we have that
APX- +9 B (1 X, 65) = AP(X,)

QP (X + Pt X, €5) + K' — i PY(X,-) — K

I
NE

S
Il
—

aw P (Y (t, X, €F)).

NE

(3.8) -

I
-

v

Furthermore, we observe that for all 4, j, k, [,

l J
(3.9) %pg)(t)) = iy MDTS(O = bjs,
(310) w — 0’

Oxioxk

where ¢;; and bj; are the corresponding matrix elements given by the definitions (2.4) and (2.2),

respectively. Using (3.9), denote
(311) Cl; — qujbji,
j=1
for all 4,1. Then substitution of (3.8), (3.10) and (3.11) into (3.7) yields

dy; = ”ZAl (X0)Z dt+Ze ”ZZ crii(t, X¢)dt + o4(t, X¢)dWy)
=1 =1

_Tt ZAI Xt Utdt

(12 +Y / S ZES P (O X, )Nt de").
k=1"R =1 wv=1

Since

(3.13) N(dt,d¢) = N(dt,d¢) + v(de)dt
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where v is the Lévy measure, we find that (3.12) can be written as

dy, = ”ZAZ (X)) ZLdt + Ze—”Zchh i (t, Xy)dt + o(t, X;)dWy)
i=1 =1

*”ZAI (Xy))ubdt

+ Z / e‘”ZZé 3 a0 P (1 X, €5 (et
—_1 /R — v=1

+z / frtzzlzqh, (Y (t, X, €) N (dt, de*).

By integrating this from ¢ to T', we obtain

7TTZAZ XT ZT 7TtiAl(P X,
=1
- /T [—re—”iAl(P(Xs)) ‘”ZZZ ciai(s, Xs)
t 1=1

i=1 =1

+Z/e_mzziquUP”(v““)(s,Xs7§k))vk(d§k)] ds

k=1"R =1 o=l
T m

+/ e*”ZAl(P( Yu ds+/ 7”222 cioi(s, Xs)dWs
t 1=1

=1 =1

T n m m
(3.14) + / > / e 20y awP (Y (s, X, €9) N (ds, de").
top=1’R =1 v=1

Consider first the Brownian integral ftT e TN S Zheyoi(s, X )dW. Each of the integrands
is of the form e="*Z!c;;0:;(s, X5)dWJ. By definition of Z}, we know that 0 < Z! < @'t. Since Z}

is nondecreasing, it follows that (Z})? < (a't)? < (a!T)2. Hence,

T
E /0 e*QTS(Zi)Qci Z(&Xs)ds

T
/0 U?j(S,XS)dS

Using a martingale representation theorem, see, e.g. [1], Thrm. 5.3.6, we conclude that

ti—>/ —“ZZZCMSX )dAW,

i=1 [=1

ZOZZ, Xo_il"|

< (@'Te)*E Zy =2z, Xo= x] < 00.

is a martingale with respect to F. Using the same argument, we find that the process

/ _“ZZquz P (W (s, X, 7)) N (ds, de¥)

0 k=1
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is a also a martingale with respect to F. Consequently, the conditional expectation with respect
to Fy is zero for the last two terms in (3.14).

By multiplying (3.14) with e"* on both sides, substituting into (2.6) and using the martingale
properties, we find

m

e (T i AP(X1))Zp = Y AN (P(X1)Z,

=1

7/ (rer(s t)ZAl Zl +e Tl ZZZ cio(s, Xs)
t

i=1 =1

(3.15) + Z/ e (5=t ZZ@Zqsz“(v(’“)(s,Xsi’“))u’“(dé’“)) ds
k=1“R =1 wv=1

V(t,z,p) =sup E
ueUd

Zt =z, Xt = .’L"| .
Using that the measurability of >°/" | A'(P(X;))Z!, we can express the value function (2.6) as

V(t,z,p) = ZAZ )2l + supE e

T‘(T t Al X Z
uel Z T T

7/ ( —r(s— t)ZAl Zl+€TStZZZChOZZSX)
t

=1 1=1
+3 [y Z%P@(v%,xs,s’f»u’f(dsk)) ds
r=1"7R =1 v=1

We now have an explicit dependence on Z in the value function, which will be useful in the proof

Zy =z, Xt:q:].

of the following proposition. We point out that we can assume that we have an effective volume

constraint in all commodities 4, since the complementary case is already covered by Proposition

3.1.

Proposition 3.3. In the presence of an effective volume constraint, i.e. when M*® < uW'T, the

marginal value V,:(t,z,p) < 0 for all i.

Proof. Let u® = (u5,...,us,) € U° be processes giving rise to admissible exercise policies Zf =
(Z} +e,...,Z" +¢) at time t. Let u € U be the processes giving rise to admissible exercise policies
Zy; at time t. Since the exercise policies Z7 arising from u® are admissible and must satisfy the
effective volume constraint we have that ¢ C U. Also, for an arbitrary admissible s — Z¢ on

(t,T], define an associated Z as

(3.16) Zy=175—¢,
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for all s € (¢t,T]. With this in mind, we proceed by expressing the marginal value as

8V(t,2,p) j
P Sk Rk Ay ¥
023 (p)
) 1 T ] E m
+ lim = sup S e =0 | A(P(X1))Z; (T)+;AI(P(XT))Z’(T)
I#]
! (s—1) !
- —re 77D [ AT(P )+ ) AN
/ (P Z (5)
l#J
_7(5 t)z ng-i-ZZ ch az s, X)
l#]
+ Z/efr(sft) Zj(S)—l—ZZl(s)
k=1"R =1
I#]
qu (5, Xo E)WF(dEP) | ds | Z, = =, Xt—x]
— supE e TN " AN (P(X7)) Z/(T)
“ =1
T m n m
[ e S AP 2 + T3S 2 s)ana(s, X.)
t 1= i=11=1
3 eSS
k=1"7R =1
(3.17) X quvpv (s, Xom, ENF(dER) | ds | Z, = 2, X, —m]}

By collecting the terms containing Z° in sup,. and taking out the jth term in the supremum over
u, we obtain

oV (t,z,p)

— _AJ

t lim 2 {SupE [e*“T*t)AJ(P(XT))Zj(T)

e—=0 ¢ e

T n
- / [1"6’”(St)Aj(P(XS))Zj(s)JreT(St)ZZj(s)cjiai(s,Xs)
t

i=1

Zt:Z, Xt:$‘|

+Z / e 72 s quvpv (s, X, ,f’“))vk(dfk)] ds

+sup]1 —sup ;
uc u
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—supE [e*“T*t)Aﬂ' (P(X1))Z(T)

T
- / —re "N AT(P(X,))Z7 (5) + e " t)ZZ] s)cjic(s, Xs)
t
(3.18) + ) / e ZI ()Y " quP (v (s, X, €F))F(deR) 1ds | 2, = =, Xt::c] }
k=1"R v=1
where
m
I = E|e"T DN AYP(X1))ZN(T)
=
T m n m
e S aeuanze v 35 aas )
t _ —1 71—
= —
+Z/ —r(s—t) ZZZ
k=1
l#]
(3.19) qul,P” ®) (s, X -, EFN*(deR) | ds | Zy =2, Xy =
Furthermore, define
L = E[e*“T*t)AJ(P(XT))Z;(T)

T n

- / [—re_"(s_t)Aj(P(XS))Z;(S)—&-e_"(s_t)ZZ;(S)cﬁai(&Xs)
t =1

+ Z /]R e Z2(s)

(3.20) x qupv (5, X, £5))M(dg") | ds

Zt:Z; Xt:m‘|7

and

Iy = E{e—NT—f)AJ‘(P(XT))(ZJ‘(T)+e)
— /T [TGT(St)Aj(P(XS))(Zj(S) +e)+ e T(s—1) i(za’(s) +e)ejii(s, Xs)
Y e "6 (Z9(s) + ¢
+ ; /]R (Z7(s) +¢)

B21) x> @ (0 (s, X €A (d) ds
v=1

Zt:Z, Xt:l"|
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Then we can write (3.18) as

oV (t,z,p)

: = A
027 ()
1 .
+ lirnO - {sup I —sup Iy +supl. —suply+cE [e*T(T*t)AJ (P(X7))
e—0¢& ue u uc u
T _ n
- / —re "D AN(P(X,)) + e TN " ejiai(s, X)
¢ i=1
£ [y a,
k=17R v=1
(3.22) X P”(y(k)(s,Xsf,5’“))1/’“(035’“)} ds | Zy =z, X; = x] }

Since U® C U we have that sup,. I; —sup, I1 < 0. By (3.16) there is an injective map between

each functional I. and Iy for arbitrary Z¢ such that I. — Iy, hence sup,. I. — sup, lop < 0.

Consequently,
W20 o wpy) +E[e-r<T—t>Aj<P<XT>>
z
T ] n
- [ e £ Y e X
t i=1
5 e
k=1"R v=1
(3.23) X P”(y(k)(s,Xsf,fk))yk(dfk)} ds | Zy =z, X; = x] .

By applying the It6 formula to the process s — e~ A7 (P (X)) and taking conditional expectation

with respect to Fs, we find that the right-hand side of (3.23) is zero. O

In the case of a one-dimensional decision variable, i.e. an option of one commodity, this states
an intuitively obvious result, namely that in the presence of an effective volume constraint, the
usage of the option will lower its value. Note that if M > 4T there is an € such that 4° = U and

the map (3.16) is bijective. Hence, we obtain the result of Remark 3.2.

4. THE HJB-EQUATION

In the previous section, we studied the dynamic programming problem (2.6) first in the absence
of an effective volume constraint for commodity ¢. We showed that in this case the optimal exercise
rule can be determined explicitly and that the option does not lose value if used for this commodity.

We also considered the problem in the presence of an effective volume constraint and showed that
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in this case it loses value when used. In this section, we determine an optimal exercise rule in
the presence of an effective volume constraint. To this end, we first derive the associated HJB-
equation.

For the reminder of the paper, we change the notation on the value function. Since rank(B) =
m, from now on we may write V explicitly as a function of the factors X instead of the price
P(z) = Bz, that is, we write V (¢, z,z) instead of V (¢, z,p) where the domain of V' is modified

accordingly.

4.1. Necessary conditions. We derive now the HJB-equation of the problem (2.6). To this end,

assume that value V exists. Then the Bellman principle of optimality yields

/ e "t Z Al Juy Lds

V(t,z,z) =sup E

uel
(4.1)
+e "W (w, Zy, X)) | Ze =2, Xy = m] ,
for all times 0 < ¢ < w < T. Rewrite the equation (4.1) as
sup E / TSZAI Nukds + e "V (w, Zuy, Xu)
ucl

—G_TtV(t, Zt, Xt)

Zt:Z, Xt:$] =0.
Furthermore, assume that V' € C1%2(S). Then we obtain by the It6 formula
TV (w0, 2 X) — €TV 20 X0) = [ dle V(5,20 X,)
t

w
= / €7 Vi(s, Zs, Xs) —re" "V (s, Zs, Xs) _”’ZV (s, Zs, Xs)evi(s, Xs)]ds
¢

w 1 n ) .
+ / eirsi Z(UUT)iszizj (szsaXs)d<W17WJ>s

i.j
+/ e "
t
w n
(4.3) + /
t

Val(s, Zs, X )ulds

Ms

1

+

szz S, Zg, Xs)oi(s, X )dW,

=1

M:

<.
Il
A

T

e—“ (8, Zo, Xo + 78 (s, X, €5)) = V (5, Zs, X, )} N*(ds, de*).
k=1
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Here, o,dW, = Zj 0;;dW7 and
k 1 k n k
x+ry = (.I +’Y1,...,JI +’7n)7

where ’yjl? is the jk-th element in the matrix 5. By compensating the Poissonian stochastic integral
n (4.3), we find under suitable L2-assumptions on o and V,,, see [1], Thrm. 5.3.6, that the

Brownian and compensated Poissonian integrals in (4.3) are martingales. Thus the equation (4.2)

yields
0 = SZEE /w e "NV (s, Zs, X) + ivmi(& Zs, Xs)ai(s, Xs)
w t i=1
+% i(UUT)z‘szizf (8, Zs, Xs)pij — 1V (8, Zs, Xs)
i
+Z/ (5, Zs X 98 (5, X, €5)) = Vs, 20, X,)] 14 (d6Y)
(4.4) + f: )+ Vazi(s, Zs, X5)) ug] ds | Z; = 2z, X; = x‘| .
=1
Define the integro-differential operator £ on C*12(S) as
LE(t,z,x) = Ft zx) —1—2041 t,x)Fyi(t,z,x) + ; zn:(aoT)ijinxj (t,z,2)pij

i.j

(45) +Z/ (.22 + 7 (s,2,6) — F(s,7.2)] v (deh),
and rewrite (4.4) as

0=supE { 1 / e (st [(L—r)V(s, Zs, Xs)
uel w

+ ) (AUP(XL) + Vals, Zo, X)) ul | ds

Zt:Z, Xt:$‘|

Under appropriate conditions on V', see, e.g. [11], we can pass to the limit w | ¢ and obtain the

HJB-equation

(4.6) (£ —7r)V(t z,z)+ sup {Z(AI(P(SU)) + Valt, 2, ﬂf))ul(t)} =0,

“ =1

where the u varies over the set of R™-valued functions defined on [0, 7] satisfying the conditions

t T
0 <ul(t) <a, / ul(s) = 2!, / ul(s)ds < M,
0 0
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foralll=1,...,mand t € [0, 7).

We observe from the equation (4.6) that the sign of quantity A'(P(z))+V.i(t,z,x),l =1,...,m,
determines whether the option should be exercised or not. From economic point of view, this
quantity has a natural interpretation. Indeed, for a given commodity I, the function A'(P(-))
gives the instantaneous exercise payoff whereas the function V,: measures the marginal lost option
value. If the payoff dominates the lost option value for a given point (¢, z, z) and commodity [, the
option should exercised at the full rate. That is, for each commodity [, the option should exercised

according to the rule

al if AYP(x)) > —V.u(t, 2, ),

Uy =

0 if AY(P(z)) < —V.i(t, 2, z).
We also point out that this rule is in line with the case when there is no effective volume constraint.
In this case, the marginal lost option value is zero and, consequently, the option is used every time
it yields a positive payoff. In particular, we find that the presence of an effective volume constraint

postpones the optimal exercise of the option for a given commodity .

4.2. Sufficient conditions. In this subsection we consider sufficient conditions for a given func-
tion to coincide with the value function (2.6). These conditions are given by the following verifi-

cation theorem.

Theorem 4.1. Assume that a function F': S — R satisfies the following conditions:
(i) F(T,-,) =0, F e CH12(S),
(ii) (£ —r)F(t z,2) + > (AY(P(2)) + Fuu(t,z,z))ul < 0 for all (t,z,z) € S and u € U,
where L is defined in (4.5),
(iii) The processes
a) O [ e Fri(s, Zs, Xy )oi(s, X)W,
b) 0 fy Simy o e [Fs, Zos X 90 (5,69)) = (s, Ze, X)) N (ds, dg¥),
are martingales with respect to F.

Then F dominates the value V. In addition, if there exist an admissible @ such that

(L —r)F(t,z,x) + sup Z x)) + Foa(t,z,x))ul
L=t
(4.7 = (L-1r)F(t,z,z —|—ZAl z)) 4+ Fo(t,z,x))dl =0,
1=1

for all (t,z,x) € S, then & = u* and the function F coincides with the value V.
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Proof. Let uw € U and t € [0,T]. By applying the Itd formula to the process t — e " F(t, Z;, X}),

we find in the same way as in (4.3) that
T
e TV(T, Zp, Xr) — e "R (t, Z4, X;) = / d(e " F(s, Zy, X))
¢

T n
= / [e_”FS(s, Zs, Xs)—re "F(s,Zs, Xs) +e " Z FLi(s, Zs, Xs)a(s, Xs)]ds
t i=1
n

T
1 ) )
+ / e‘”iZ(UUT)ij(s,XS)inxj(s,ZS,XS)d<Wl,WJ>S

()

T
+ / e "’ le (s, Zs, X, )ulds
¢ =1

T n o m
+/ e SZZFJM s, Zg, Xs)oi(5, X3)dW,

1=1 [=1

T n
+/t Z e T F(s, Zs, X5 + W) (s, X, €7)) — F(s, ZS,X)} N¥(ds, de*).

By using the assumption (i), definition of the operator £ and the equation (3.13), we obtain the

equality

T
0=c""F(t, Zs, X;) +/ e " (L—r)F(s,Zs, X d5+/ 7”ZF: s, Zs, X )ulds
t I=1

T n
+ / e Fui(s, Zo, X )oidW
t i=1
¥ / / 0 [, Zu, X490 (5, X, €9)) = F(s, 2, X.)] N (s, d€").
Conditioning up to time ¢ and the assumption (iii) yields

T
0 = e "F(t,Z;, X;) +E / e " (L—r)F(s,Zs, Xs)ds
t

Zt:Z7 Xt:$]

+E

/ 7TSZF1 s, Zg, Xs)ulds

=1

Zt =z, Xt = 1;| .
By assumption (ii), we get

(48) 0 S C_TtF(t, Zt7 Xt)

/ s Z Al Yu, Lds

Zt:z, Xt:.’I;|
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for all w € Y. Thus, the first claim follows. Now, if there exist an admissible @ such that (4.7)

holds, then we would get equality in (4.8), i.e. for all w

0= G_TtF(t, Zt7Xt) —E

T m
/ e "y ANP(X,))ilds
t =1

Zt =z, Xt = .’E] .
The conclusion follows. O

5. EXAMPLES

To illustrate our theory, we consider in this section three examples. These examples illustrate
two main issues. First, we compare two one-factor spot price models (Example 1 and Example
2) with underlying Ornstein-Uhlenbeck factor dynamics. The first model has a single Brownian
driver whereas the other is driven by a sum of a Brownian motion and a compound Poisson process.
To illustrate the effect of the jumps, the parameters of the factor dynamics are fixed such that the
volatilities and the long term means are matched. In the third example, we study a two-factor
model for the spot price with underlying Ornstein-Uhlenbeck factor dynamics. As we will observe,
the boundary conditions in the factor price dimensions are a delicate matter in this case. We point
out that the spot price dynamics in the examples are somewhat simplified and are designed for
illustrative purposes. In all these examples, the aim is to find

(5.1) V(t,z,z) =supE

T
/ e TET(P(X,) — K)ugds
ueU t

Zt:Z, Xt—x]

Here, P(X) is the spot price of the commodity. The boundary conditions in the z-direction are

found by the same arguments as in [4]. The terminal condition is
(5.2) V(T,z,x) =0,

for all z and x. This follows directly from the definition of the value function. Furthermore, the

boundary condition in the z-direction, i.e. z = M, is
(5.3) Vt,M,x) =0,

for all t and x. This follows from the fact that when z = M the only exercise rule available in U/

is the trivial one. The conditions (5.2) and (5.3) hold for all three examples below.

5.1. Example 1. Let the factor dynamics X be given by

(5.4) dXs = k(p— Xs)ds + odW,, Xy==zx
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and P(x) = x, where s > t. Then it is well known that at time s > ¢, the solution
(5.5) X, = (z—p)e "7 4+ a/ e "CIaW,, X, = .
t

Furthermore,
2
X, ~ N (H + efn(sft) (33 _ :U')7 %(1 _ eQn(st))) )
K

With this specification, the value function (5.1) is given as a solution to the HJB-equation

1
(5.6) Vi(t,z,z)+r(pu—x)Vy(t, z,z)+ iavm(a z,2)—rV(t,z,z)+sup[(x — K+ V., (¢, z,z))us] = 0,
uelU

with boundary conditions conditions in z-direction given by

(5.7) V(t, 2z, Tmaz) = ﬂ/ e " [(Zmag — p)e " 4 p)ds,
t
and
T
(5.8) V(t, 2z, Timin) = 11/ e [(2min — p)e " 4 ) ds,
0
where
M —
(5.9) Ti=t4 — :
and
M —
(5.10) g.=T7- "%
a

We remark that this is similar to the example in [4], Appendix A. However, we consider an

arithmetic OU-process whereas in [4] the dynamics are given by an exponential OU-process.

5.2. Example 2. To illustrate the effect of the jumps in the factor dynamics, we add in this
example a compound Poisson process to the factor dynamics defined in (5.4) and match the
expectation and volatility with Example 1. More precisely, consider the factor dynamic given by
the It6 equation

dX, = k(fi — X,)ds + 6dW, + dYs,

where the compound Poisson process Y has Lévy measure v(dy) = fae™*V1,>0ydy with f,a > 0.

This equation can be written as

(5.11) dX, = n(u—k/ yv(dy) — X,)ds + GdW, +/yN(dy,ds),
0 R
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/Ooo yv(dy) = £

With this specification, the value function (5.1) is given as a solution to the HJB-equation

where the compensator

1 o
0 = Vilt,z,z)+k(f—2)Va(t,z,z) + §5sz(t, z,xz) + / V(t,z,z+y) —V(tzx)]fac™*Ydy
0

(5.12) —rV(t,z,z) + sup[(x — K 4+ V. (¢, z, x))uel,
ueU

with boundary conditions in z-direction given by

619 V(s =8 [ €O e~ e i L e
t K
and
r /
(5.14) V(t, 2, @min) = / e (i — e 0 i (1= e OO,
0 K

where 7 and 0 is defined as in Example 1. The solution X to (5.11) is given by

(5.15) st(:c—g i)e™

— e T 4 £ + 6/ e "= aw, +/ / e "=y N(dy, dv).
t t Jr

It is easy to compute from the expression above that

)

O =

EX,] = (v~ g — e T i+

and

Var(X,) = E[(X, - E[X,])?] = i(l ey (52 4 27]2”)'

To match the volatility and the long term mean in Example 1 and Example 2, we solve the
equations above for i and &, when the expectation and variance is equal to that in Example 1. It

follows that

g
=0 —=—,
«
and
- 2f
g = 02—?.

Then the mean and total volatility in Example 1 and Example 2 will be the same. This is good

for comparison reasons, which will be discussed more in the next section.

5.3. Example 3. The purpose of this example is illustrate the results when the price is driven

by multiple factors. To this end, let 81, 3%, A\, u', f, k, K be non-negative constants. Consider the
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two-factor model
4X(0) = alt, X(0)dt + 5 XO)W () + [ (2. X(0),N(de,de),
R2
where dW; = (dW},0), N(dt,d¢) = (0, N%(dt,d¢®)) and the Lévy measure is v(dy) = (0, fre ™"V 1> 01dy).
Here, f is the jump frequency and k is the parameter of the exponentially distributed jumps. Fur-

thermore,

a(taXf) = (.ul - /Bltha 7/62Xt2)7

. AL 0
5(t, X (1) = :
0 O
_ 0 0
At X(t) =
0 ¢

In component form we have,
dX, = (p' = B'X))dv+ N'dW,, X! =z’
and
dX? = —p%*X2%dv +/ EN?(dv,de?), X? = a2
R

The solutions can be written as

(5.16) X!l = e Byl 4 /S ulefﬂl(sfq’) + /S )\lefﬁl(s’v)del,
t t

and

(5.17) XSQ _ eiﬁz(sit)xz +/ / 67ﬂ2(87v)£2]\72(d§2,d’0) +/ / 67ﬁ2(87v)§2l/2(dv,d£2).
t R t R

To set up the valuation model, we define the spot price function P : R? — R as P(z) = a! + z2.
Furthermore, let Z be as in (2.3) with m = 1. The payoff is of call option type, i.e. A(p) =p— K.
Then, the value function (2.6) reads as

V(t,z,z) =supE

T
/ e "ET(P(Xy) — K)ugds
uel t

Zt:Z, th"|



SWING OPTIONS IN COMMODITY MARKETS 23

From Proposition 3.1, we see that in the absence of an effective final volume constraint the optimal
exercise policy u* is given by

a if P(X,) > K,

*_
Uy =

0 if P(X;) <K.
for all ¢ € [0,T]. Hence, it is optimal to use the option whenever the swing yields a positive payoff.
This is in line with [4], in which no jumps are considered.
Consider now the case with an effective volume constraint. The value function can be written
in the component form as

(5.18) V(t,z, 2", 2%) = sup E

T
/ e "X+ X2 — K)u,ds
ueU t

Zt =z, Xt = l‘] .
This function is given as the solution to the HJB-equation

Vit,z, 2", 2?) + (p' = Bra" )V (t, 2,2t 2°) — B2V (L, 2, 2", 2°)
+ / (Vi(t, 22t 2% + €2) — V(t, 2,2, 22)) 12(d€?)
R

1
(5.19) + §A2Vz1z1(t, zoat 2?) —rVi(t, 2,2t 2?) + sup[(a! + 2% — K + V.(t, 2,2, 2%))us] = 0.
ueU

With boundary conditions in ¢- and z-direction
V(T,z,2"2%*) =0 and V(t,M,2' 2%) =0,

and boundary conditions in z-direction

(5.20) Vit 2,2, %),
(5.21) V(t, 2,0k 0w 7).

To solve the problem (5.19)-(5.21), we need to find the boundary conditions (5.20)-(5.21). We

1

assume that we only have positive finite jumps, i.e. 22 > 0 and that 0 < 2! . << pl. That is,

the problem is solved in the first quadrant in the z'z2-plane.

Remark 5.1. The reason for choosing these spatial boundaries is due to the properties of the HJB-
equation. In the x'-direction we have diffusion, which requires boundary conditions at both ends.
However, in the x2-direction we have transport in the positive direction, because the coefficient

i front of V.2 is negative and that PDE is solved backward in time, and therefore no boundary
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2

max -’

condition is needed at > = x At 22 = 0 the derivative in x2-direction vanishes, thus no

boundary condition is needed.

In what follows, the calculations rely on the fact that the underlying factor dynamics are
Ornstein-Uhlenbeck processes. By plugging in the processes X! and X? given by (5.16) and

(5.17), respectively, into the value function (5.18) and rearranging the terms we obtain

T
V(t,z,2,2?) = sup {E / e (5= (:Ulefﬁl(sft) T A )
t

ueU

1
+ %52(1 — e Py 4 %(1 — e P10y K) usds

T s
/ e "=t </ )\16*’81(57”)de
t t

+ / / e—ﬂ2<5—”>521\72(d52,du)) usds
t R

Zt:Z, Xt:.’IJ‘|

(5.22) +E

Zt:Z, Xt:l"|}

L .. into (5.22). Since the volatilities of the processes

To compute V (t, z, zk . . 2%), we plug ! =z} .

max)

1
max

X' and X? are not state dependent, we can, by choosing x sufficiently large, expect the
trajectories of the process X! + X2 to be decreasing until the maturity since both the processes
X' and X? tend towards their long term means, p! and 0, respectively. Then it is optimal to
start to exercise the option immediately with maximum rate until z = M since z}, . +2? is much
larger than the long time expectation. This argument holds since we only consider positive jumps,
ie zl 42?2 > gl Thus, if we start the process X! + X? in (2} 2?), we can define an

max max* max’

optimal control as

(5.23) ug = ﬂlse[t’H_%](s).
Then we get
A : 2
V(t,z,zl 2% = ﬂ/ e 7Y (x}na_,ﬂe*ﬁ (=) 4 g2e=F (s—t)
¢
f —B2%(s—t) 'ul —B'(s—t)

Here, we used the fact that the control u as defined in (5.23) is deterministic. This enables us to

use the Fubini theorem and the martingale property for the second expectation in (5.22).

1

On the contrary, when we start the process X' at xl , | assumed to be sufficiently small, X!

will increase until maturity. It is thus tempting to wait as long as possible before we use the
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2

control, cf. equation (4.6) in [4]. However, since ¢ can be very large and the jump frequency is

state independent, we are unable to draw this conclusion. To deal with this issue, we proceed as

1

follows. First, we assume that the value function is continuous for all (2!, 2?) € R? and both z? .
and z2,,, are finite. Using this we consider the deterministic part of the process X' 4+ X? starting
at (z}..,2?) at time ¢, that is, the first expectation in the value function (5.22). We observe that

the integrand is a continuous function in time and will assume a maximum (and minimum) on

[t,T]. Suppose it has its maximum at a time t,,4,. Furthermore, assume that
The deterministic part will dominate the whole process at tyaz-

Then, due to continuity, the deterministic part will dominate the process on an interval (t1,t2)

that contains t,,,,. We then choose a control defined as

Us = 7:L]-se[t1,ifz>] (8>

We substitute this into the expression (5.22). This is a deterministic control so, again, we can use

the Fubini theorem and the martingale property to get rid of the conditional expectations. Define

ta
(5.25) J(ty,1t2) := ﬁ/ e ") [ac,lm-ne_ﬁl(s_t) 4 g2e B 4 %(1 - 6_62(5_”)
t K

1
+%(1 — e Py _ K| ds.
Then

(5.26) V(t,z,zl . 2%) = max  J(t,ts)

men t1,t2€[t,T)

which is found by solving the (deterministic) maximization problem:

t
max ﬂ/ : e~ [xim»ne_ﬁl(s_t) +ate P iz(l — e_'Bz(S_t))
tita€[t,T] Sy, kB

!

+ E(l — €7ﬁ (Sit)) — K dS,
subject to

(527) ﬁ(tg — tl) S M — z.
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We solve the limits ¢, t; numerically by using elementary calculus methods. That is, to solve the

maximization problem, define

(=) |1 B (s—t) —82(s—t) . I _ —B(s—1)
g(s,t):=e " TpinC + ze +/‘652<1 e B (=)

1
+%(1 ey K|

This is the integrand in (5.25). By differentiating (5.25) with respect to ¢; and t5, we obtain the

first order necessary conditions

(5.28) 0ty ag(te,t) =0,

and

(5.29) %};’tz) = —ug(t1,t) = 0.

Furthermore, at the boundary where t5 = ¢; + Ma’z, we find
OJ(t1,t2) M-z

(5.30) = (gt + ———,1) = g(t1,1)) = 0.

o0t

To conclude, we solve t; and t5 from these three equations, substitute these into (5.25) and see

which gives the highest value still satisfying the constraint (5.27).

6. NUMERICAL EXPERIMENTS

In this section we will present the numerical solutions of the HJB—equations from the three
examples in Section 5. All equations have the boundary conditions that the option value is zero
when t = T and z = M. In addition we truncate the boundary in infinity, and the truncated
boundaries requires boundary conditions. In Example 1 we solve (5.6) with the boundary con-
dition (5.7) and (5.8) on the truncated boundary. Similarly in Example 2 we solve (5.12) with
the boundary condition (5.13) and (5.14) on the truncated boundary. And finally in Example 3
we solve (5.19) with the boundary condition (5.24) and (5.26) on the truncated boundary. Be-
low we specify the model parameters, which are chosen for the purpose of illustration, and the

discretization parameters of the numerical scheme.

6.1. Numerical scheme. In Example 1 and Example 2 the HJB equations are PDEs defined
over the variables ¢, z and x, while the HJIB equation in Example 3 is defined over the variables

t, z, ' and 22. The equations are solved with finite difference methods (FDM). We use a first
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order Euler scheme in t-direction. The z- and z2-directions are handled explicitly with first order
upwind schemes, while the = or z'-directions are handled implicitly with a second order central
difference scheme. We start the time stepping at ¢ = T and go backward in time until ¢t = 0.

The domain is discretized with a uniform grid in the t-, 22- and z-directions whereas in the
2- or x'-direction we use an adaptive grid. The integral term is approximated with numerical
integration, more precisely, the rectangle method with second order midpoint approximations.
The truncated boundary in the direction of jump, i.e. the z-direction in Example 2 and the z2-
direction in Example 3, causes some problems for the approximation of the integral, which is
supposed to have upper limits at infinity. This problem is solved by linearly extrapolating the
option price outside the truncated domain, and integrating up to a level where we get sufficiently

accurate approximation of the integral.

6.2. Numerical examples. In this subsection we study the numerical examples from the previous
section. They are all motivated by some swing options traded in the Scandinavian electricity
market, which are called ”Brukstidskontrakt”. Such a contract gives the owner the right to buy
a certain amount of electricity for her own selection of hours during 1 year. More precisely, for
each of the 8760 hours in 1 year the holder of the contract must choose whether or not to use the
contract. In our example we set the portion to 50%, i.e. the holder must choose 4380 hours.

In practice the contracts are usually paid in advance and not for each time it is exercised, so
the strike price will be K = 0 in all the examples. We also use T' =1, M = % and 4 = 1. In
the following we specify the parameters of the three examples. The discretization parameters are
chosen to get accurate solutions and the model parameters are chosen to illustrate the numerical
schemes ability to solve the PDEs. The model parameters in Example 1 and Example 2 are similar
to those in [4]. The model parameters in Example 3 are chosen to look reasonable and are not
calibrated to the market.

Example 1: The model is specified by k = 0.014, u = 40,0 = 2.36. The truncated domain
is defined by xyin = 18.7, Zmar = 61.3. The discretization parameters are At = Az = ﬁ. The
grid in z—direction is adaptive and consists of 671 grid points, with higher grid point density
around p and lower density near the truncated boundaries, x4, and Tyqaq-

Example 2: The model is specified by x = 0.014,a = 0.4, f = 0.04, . = 39.9,0 = 2.3387.
With these parameters the model i Example 1 and Example 2 have the same mean and volatility.

The grid and the truncated domain is as in Example 1.
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Example 3: The model is specified by 8! = 0.014, yn = 40,0 = 2.36, 32 = 0.04,x = 0.014, f =

0.04. The truncated domain is defined by z!, = 17.2,z} . = 628,22, = 0,22, = 9. The
2
discretization parameters are At = o505, Az = oo Aa? = maz In the z'-direction we use an

adaptive of 1200 grid points, with higher grid point density around p and lower density near the

1 1

truncated boundary in z!-direction, i.e. 2t =zl .. !

and z' =zl ... On the truncated boundary
condition in z!-direction we need to calculate (5.24) and solve (5.26). With the parameters in our
example, ¢; and ¢, in (5.26) turn out to be t; =t and t» =t + 3 — z. The truncated boundary in
x2-direction needs no boundary condition due to the nature of the PDE. We also tried adaptive

grid in the z2-direction, but this did not seem to improve the accuracy.

In the following we visualize the numerical solution of these three examples. The two things
we are most interested in are the option prices and the trigger prices. The trigger prices are also
referred to as exercise curves, and they tell us when to exercise and when to hold. The option
price is a function of two variables for each point in time in Example 1 and Example 2, and can
then be visualized in a 3D plot. However, the option price in Example 3 is a function of three
variables and is therefore harder to visualize, even for a fixed point in time, but we present it in 3
plots. The trigger prices are in [4] presented as exercise curves (see more in figures below). These
prices are presented similarly for the results of Example 1 and Example 2. But for Example 3
the trigger price is actually a 3D surface for each point in time. We solve this by projecting the
surface down to two different planes. We could also have made 3D surface plots of the trigger
price in this example, but we think 2D plots are more instructive.

Figure 1(a) and Figure 1(b) show the option price at ¢ = 0.5 for Example 1 and Example 2
respectively. We see that the two plots a quite similar, and that the option price increases with
increasing x-values. This makes sense from an economical point of view, since one would expect
that a higher spot price results in a higher option price. Mathematically we see it from the value
function (5.1) and the fact that the solution functions (5.5) and (5.15) are increasing functions of
x. Furthermore, the option price decreases with increasing z-values which is in accordance with
Proposition 3.3, stating that whenever using the option it loses value, which makes economical
sense.

Figure 1(c) shows the difference in option price between Example 1 and Example 2 at the
same time level. More precisely Figure 1(c) shows the price from Example 2 minus the price

from Example 1. We see that this difference is negative, which means that the option price
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is a little higher when we assume an underlying jump process. This is reasonable because of
the distributional differences of the underlying processes. Indeed, the Gaussian OU-process in
Example 1 has a symmetric distribution whereas the non-Gaussian OU-process in Example 2
has a positively skewed distribution. This positive skewness, which increases value in financial

markets, is caused by the fact that we only have positive jumps.

The ption price in Example 1 at time = 0.5 The option price in Example 2 at time = 0.5

n4
D Cos
>< :

(a) Option price Example 1 (b) Option price Example 2

The difference between Example 1 and Example 2, i.e. V) - ¥,

price

(c) Difference between option prices in Example
1 and Example 2

F1GURE 1. Option prices in Example 1 and Example 2

In Figure 2 we show the exercise curves for Example 1 and Example 2 at time = 0.5. The red
curve corresponds to Example 2 and the black curve corresponds to Example 1. We observe that
the red curve lies more to the right than the black curve. This means the the optimal trigger price
is higher in the presence of positive jumps, that is, positive jumps postpone the optimal exercise.
This is an intuitive result, since the positivity of jumps implies that the distribution of the prices is
positively skewed. Therefore the holder of the contract has an incentive to wait longer to exercise.

In Figure 3(a)-3(c) we show the option price of Example 3 at ¢ = 0.5. The function is plotted
as a function of 2! and z for three values of 22. We see that for each value of x2 the plot looks

similar to the plots in Figure 1(a) and Figure 1(b), only the level of the surfaces changes a little.
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Curves describing when to exercise at time = 0.5

0.45

04

0.35

0.3

~ 028

0.2

Example 1
Example 2

45 55

FI1GURE 2. Exercise curves for Example 1 and Example 2 at time = 0.5. Exercise
when at points to the right of the curve and hold when at points to the left of the
curve.

In Figure 4(a)-4(b) we visualize the trigger price for ¢t = 0.5 in Example 3. Figure 4(a) shows
the exercise surface projected down to the price,z-plane (where price = x! + 22), for various values
of 22. Figure 4(b) shows the exercise surface projected down to the z'z2-plane, for various values
of z.

B1

It is worth noting that the slope of the curves in Figure 4(b) is approximately — 5, = —0.35.

2

For example if we study the red curve and remove the point where 22 = 0, and make a linear least
squares approximation of it, it will have a slope of —0.3517. This means that the negative ratio of
the mean reversion speeds approximates the slope of the exercise curves in the z'x2-plane. This
is plausible from an economical point of view for the following reason. If the mean reversion speed
is smaller for 2! than for 22, the holder will exploit a deviation from the long term mean earlier
for process X2 than X' by exercising the option. That is, she would require a higher contribution
from z' to the price than from 22 before exercising. This is because a high value of z2 is likely to
reduce more quickly and therefore it is beneficial to exercise with a lower value of 2 in relation
to 2. On the contrary, if 2! has a high price it is more likely to stay high longer. In this case, the
holder might wait for even higher prices. A similar reasoning can be done for the opposite case
when the mean reversion speed is bigger for ! than for z2.

Notice that at ¢t = 0.5 and for any value of z, the holder should always hold if the values of

z' and z? are small enough. The reason for this is the following: if the underlying price is small
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The option price at time = 0.5 and W=0 The option price at time = 0.5 and W=45

The option price at time = 0.5 and X=9

(c) 22 =

FIGURE 3. Option prices in Example 3. Plotted in the 2'z-plane for ¢t = 0.5 and
3 values of 2.

enough, you would expect it to be higher than this the rest of the time, and for ¢ = 0.5 it will
therefore be beneficial to hold since M = 0.5. However, in Figure 4(a) it can be seen that the
exercise curves seems to stay above the line z=0.001. This is due to numerical error/instability.
For finer grids the exercise curves will be closer to z = 0 at for small values of P = X' + X? and
t = 0.5. Similar effects can be observed for other values of ¢. The solution to this problem is either
higher resolution on the grid, which requires more memory on the computer, or more accurate
numerical schemes. The curves in Figure 4(b) bends a little in the lower right corner, and this is

due to the mentioned instability in the numerical scheme.

6.3. Numerical accuracy in Example 3. The analysis of the numerical scheme in Example 1
and Example 2 is similar to that of [4]. To analyse Example 3 we study the Courant-Friedrichs-
Lewy (CFL) condition. The CFL number of the HIB equation in Example 3 is

At
T Ax?

At
B+ —a

Az
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A w2 =
Exercise cumes in (X +32)-z plane at time = 0.5 Exercise curve in X' plane at time =0.5

¥=q
®=18
W¥=38 7L
=1
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% 40 ] 20 25 il 35 0 45 50
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(a) Exercise curves plotted in the price,z-plane (b) Exercise curves plotted in the z!'z2-plane

FI1GURE 4. Trigger prices in Example 3

1 1
= 3200 0,047 + 3200

10 3108
1 x?
=—— (16— 1 .
3900 ( 6 9 +3 98)

A necessary condition for convergence is that the CFL number C' < Ciq., and in our case with
2?2 € (0,9) we see that the CFL number C' < 1. As mentioned we have observed some small
instabilities in the numerical solution. We have also tried with larger values of Az compared to
At, but the reported discretization parameters seem to give most accurate solutions. In order to
establish convergence an implicit scheme should be developed, but this is not done in this work.

In the following we will present some evidence that the numerical solution converges to the
correct solution of the HJB equation. We attempt to evaluate both the numerical scheme and
the calculated boundary conditions using (5.21). This is done by trying to see how well they fit
for extreme values of 2!, i.e. 2! >> p. We have used a very fine grid to solve the HJB equation
where V is required to be linear in z!-direction at the boundaries. This is similar to [4], where it
is shown that this type of inaccurate boundary condition gives quite accurate solutions. Now this
solution can be compared to the values we get from Equation (5.24).

The difference between the numerical solution of the HJB equation and the value calculated
by (5.24) is illustrated in Figure 5. We see that the difference is relatively small compared to the
option value. For this example with ¢ = 0.5 and z = 0.4 it is about 6 orders of magnitude lower
than the option value. This is sufficiently small for us to trust the numerical solver. The difference
may come from all of the following five sources: assumptions that the control is as described in
(5.23), numerical inaccuracy /instability of the scheme, truncation in x! direction, truncation in

2?2 direction, extrapolation in 22 direction and linear boundary condition on the PDE solver.
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Difference between numerical solution and boundary condition at time =05 and z = 0.4,

Difference

FIGURE 5. Difference between the numerical solution and (5.21) for large values of z?.

7. CONCLUSIONS

In this paper, we developed and analyzed a valuation model for swing options on multi-
commodity markets. The model is formulated as a dynamic programming problem, where the
underlying dynamic structure is given by a multi-dimensional Lévy diffusion. This process models
the price evolution of the commodities. The commodity prices are driven by a multi-dimensional
Brownian motion and a multi-dimensional compound Poisson process. The introduction of the
compound Poisson process is important since it allows non-Gaussian price evolution. This is im-
portant, in particular, on electricity markets, see, e.g. [3, 13, 17]. Furthermore, this model allows
us to take into account jumps in price processes, which is also important on electricity markets.

From a analytical point of view, this study provides a multi-dimensional generalization of the
analysis in [4]. First, we analyze the model in the absence of an effective volume constraint. Along
the lines of [4], we find that in this case the option does not loose value if used. Moreover, we
prove that in the presence of an effective volume constraint for a given commodity, the usage of
the option for this commodity will lower the value of the option. This is a intuitively appealing
from the economical point of view. To tackle the problem of finding an optimal exercise rule and
the price of the option, we analyze the pricing problem using the Bellman principle of optimality
and derive the associated HJB-equation. In Section 4, we obtained an optimal exercise rule which
states that if the immediate exercise payoff dominated the lost option value for a given commodity,

then the option on this commodity should be exercised at a full rate. In particular, we conclude
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that this optimal exercise rule is a bang-bang rule. We also provide a verification theorem, which

states conditions under which a given function coincides with the value function.

In addition we illustrate the results with three examples which we study numerically. We set up

a straightforward FDM scheme to solve the associated HJB-equations. The numerical experiments

seems to give reasonable results from both mathematical and economical points of view. In the

last of our examples we have also given evidence for convergence of the numerical solution.
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