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AN OPTIMAL EXTRACTION PROBLEM WITH PRICE IMPACT

GIORGIO FERRARI, TORBEN KOCH

ABSTRACT. A price-maker company extracts an exhaustible commodity from a reservoir,
and sells it instantaneously in the spot market. In absence of any actions of the company,
the commodity’s spot price evolves either as a drifted Brownian motion or as an Ornstein-
Uhlenbeck process. While extracting, the company affects the market price of the commodity,
and its actions have an impact on the dynamics of the commodity’s spot price. The company
aims at maximizing the total expected profits from selling the commodity, net of the total
expected proportional costs of extraction. We model this problem as a two-dimensional
degenerate singular stochastic control problem with finite fuel. To determine its solution,
we construct an explicit solution to the associated Hamilton-Jacobi-Bellman equation, and
then verify its actual optimality through a verification theorem. On the one hand, when
the (uncontrolled) price is a drifted Brownian motion, it is optimal to extract whenever the
current price level is larger or equal than an endogenously determined constant threshold.
On the other hand, when the (uncontrolled) price evolves as an Ornstein-Uhlenbeck process,
we show that the optimal extraction rule is triggered by a curve depending on the current
level of the reservoir. Such a curve is a strictly decreasing C*°-function for which we are able
to provide an explicit expression. Finally, our study is complemented by a theoretical and
numerical analysis of the dependency of the optimal extraction strategy and value function
on the model’s parameters.

Keywords: singular stochastic finite-fuel control problem; free boundary; variational in-
equality; optimal extraction; market impact; exhaustible commodity.

MSC2010 subject classification: 93E20; 49L.20; 91B70; 91B76; 60G40.
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1. INTRODUCTION

The problem of a company that aims at determining the extraction rule of an exhaustible
commodity, while maximizing net profits, has been widely studied in the literature. To the
best of our knowledge, the first model on this topic is the seminal paper [16], in which a
deterministic model of optimal extraction has been proposed. Since then, many authors have
generalized the setting of [10] by allowing for stochastic commodity prices and for different
specifications of the admissible extraction rules (see, e.g., [1], [7], [13], [14], [25], [26] and [27]
among a huge literature in Economics and applied Mathematics).

In this paper, we consider an optimal extraction problem for an infinitely-lived profit max-
imizing company. The company extracts an exhaustible commodity from a reservoir with
a finite capacity incurring constant proportional costs, and then immediately sells the com-
modity in the spot market. The admissible extraction rules must not be rates, also lump
sum extractions are allowed. Moreover, we assume that the company is a large player in the
market, and therefore its extraction strategies affect the market price of the commodity. This
happens in such a way that whenever the company extracts the commodity and sells it in the
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market, the commodity’s price is instantaneously decreased proportionally to the extracted
amount.

Our mathematical formulation of the previous problem leads to a two-dimensional degene-
rate finite-fuel singular stochastic control problem (see [3], [20], [21] and [23] as early con-
tributions, and [4] and [15] for recent applications to optimal liquidation problems). The
underlying state variable is a two-dimensional process (X, Y") whose components are the com-
modity’s price and the level of the reservoir (i.e. the amount of commodity still available).
The price process is a linearly controlled It6-diffusion, while the dynamics of the level of the
reservoir are purely controlled and do not have any diffusive component. In particular, we
assume that, in absence of any interventions, the commodity’s price evolves either as a drifted
Brownian motion or as an Ornstein-Uhlenbeck process, and we solve explicitly the optimal ex-
traction problem by following a guess-and-verify approach. This relies on the construction of
a classical solution to the associated Hamilton-Jacobi-Bellman (HJB) equation, which, in our
problem, takes the form of a variational inequality with state-dependent gradient constraint.
To the best of our knowledge, this is the first paper that provides the explicit solution to an
optimal extraction problem under uncertainty for a price-maker company facing a diffusive
commodity’s spot price with additive and mean-reverting dynamics.

In the simpler case of a drifted Brownian dynamics for the commodity’s price, we find that
the optimal extraction rule prescribes at any time to extract just the minimal amount needed
to keep the commodity’s price below an endogenously determined constant critical level x*,
the so-called free boundary. A lump sum extraction (and therefore a jump in the optimal
control) may be observed only at initial time if the initial commodity’s price exceeds the level
x*. In such a case, depending on the initial level of the reservoir, it might be optimal either
to deplete the reservoir or to extract a block of commodity so that the price is reduced to the
desired level x*.

If the commodity’s price has additionally a mean-reverting behavior and evolves as an
Ornstein-Uhlenbeck process, the analysis is much more involved and technical than in the
Brownian case. This is due to the unhandy and not explicit form of the fundamental solutions
to the second-order ordinary differential equation involving the infinitesimal generator of the
Ornstein-Uhlenbeck process. The properties of the increasing fundamental solution are indeed
needed when constructing an explicit solution to the HJIB equation. The optimal extraction
rule is triggered by a critical price level that - differently to the Brownian case - is not anymore
constant, but it is depending on the current level of the reservoir y. This critical price level -
that we call F~1(y) in Section 4.2 - is the inverse of a positive, strictly decreasing, C*°-function
F that we determine explicitly. It is optimal to extract in such a way that the joint process
(X,Y) is kept within the region {(z,v) : =z < F~'(y)}, and a suitable lump sum extraction
should be made only if the initial data lie outside the previous region. The free boundary F'
has an asymptote at a point o, and it is zero at the point xy. These two points have a clear
interpretation, as they correspond to the critical price levels triggering the optimal extraction
rule in a model with infinite fuel and with no market impact, respectively.

In both the Brownian and the Ornstein-Uhlenbeck case, the optimal extraction rule is
mathematically given through the solution to a Skorokhod reflection problem with oblique
reflection at the free boundary in the direction (—«, —1). Here o > 0 is the marginal market
impact of the company’s actions on the commodity’s price. Indeed, if the company extracts
an amount, say d&;, at time t, then the price is linearly reduced by ad&; and the level of the
reservoir by d¢;. Moreover, we prove that the value function is a classical C*!-solution to the
associated HJB equation.

When the price follows an Ornstein-Uhlenbeck dynamics, our proof of the optimality of the
constructed candidate value function partly employs arguments developed in the study of an
optimal liquidation problem tackled in the recent [1], which shares mathematical similarities
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with our problem. Indeed, in the case of a “small” marginal cost of extraction, due to the
unhandy and implicit form of the increasing eigenfunction of the infinitesimal generator of the
Ornstein-Uhlenbeck process, we have not been able to prove via direct means an inequality
that the candidate value function needed to satisfy in order to solve the HJB equation. For
this reason, in such a case, we adopted ideas from [1] where an interesting reformulation of
the original singular control problem as a calculus of variations approach has been devel-
oped. However, it is also worth noticing that when the marginal cost of extraction is “large
enough”, the approach of [1] is not directly applicable since a fundamental assumption in [4]
(cf. Assumption 2.2-(C5) therein) is not satisfied. Instead, a direct study of the variational
inequality leads to the desired result. This fact suggests that a combined use of the calculus
of variations method and of the standard guess-and-verify approach could be successful in
intricate problems where neither of the two methods leads to prove optimality of a candidate
value function for any choice of the model’s parameters. We refer to the proof of Proposition
4.11 and to Remark 4.12 for details.

As a byproduct of our results, we find that the directional derivative (in the direction
(—a, —1)) of the optimal extraction problem’s value function coincides with the value function
of an optimal stopping problem (see Section 4.2.1 and Remark 4.16 below). This fact, which
is consistent with the findings of [20] and [21], also allows us to explain quantitatively why, in
the case of a drifted Brownian dynamics for the commodity’s price, the level z* triggering the
optimal extraction rule is independent of the current level of the reservoir y. Indeed, in such
a case, the value function of the optimal stopping problem is independent of y and, therefore,
so is also its free boundary z*.

Thanks to the explicit nature of our results, we can provide in Section 5 a detailed compar-
ative statics analysis. We obtain theoretical results on the dependency of the value function
and of the critical price levels x*, z,, and zg with respect to some of the model’s parameters.
In the case of an Ornstein-Uhlenbeck commodity’s price, numerical results are also derived
to show the dependency of the free boundary curve F' with respect to the volatility, the mean
reversion level, and the mean-reversion speed.

The rest of the paper is organized as follows. In Section 2 we introduce the setting and for-
mulate the problem. In Section 3 we provide preliminary results and a Verification Theorem.
The explicit solution to the optimal extraction problem is then constructed in Sections 4.1
and 4.2 when the commodity’s price is a drifted Brownian motion and an Ornstein-Uhlenbeck
process, respectively. A connection to an optimal stopping problem is derived in Section 4.2.1.
A sensitivity analysis is presented in Section 5. The appendices contain the proofs of some
results needed in Sections 4.2 and 5.2, and an auxiliary lemma.

2. SETTING AND PROBLEM FORMULATION

Let (2, F,F := (F¢)t>0,P) be a filtered probability space, with filtration F generated by a
standard one-dimensional Brownian motion (W;):>0, and as usual augmented by P-null sets.

We consider a company extracting a commodity from a reservoir with a finite capacity
y > 0, and selling it instantaneously in the spot market. We assume that, in absence of any
interventions of the company, the (fundamental) commodity’s price (X[)¢>o evolves stochas-
tically according to the dynamics

(2.1) dX} = (a—bX[)dt + odWy, Xy =z R,

for some constants a € R, b > 0 and o > 0. In the following, we identify the fundamental price
when b = 0 with a drifted Brownian motion with drift a. On the other hand, when b > 0 the
price is of Ornstein-Uhlenbeck type, thus having a mean-reverting behavior typically observed
in the commodity market (see, e.g., Chapter 2 of [24]). In this latter case, the parameter 3
represents the mean-reversion level, and b is the mean-reversion speed. In our model we do
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not restrict our attention to positive fundamental prices, since certain commodities have been
traded also at negative prices. For example, that happened in Alberta (Canada) in October
2017 and May 2018 where the producers of natural gas faced the tradeoff between paying
customers to take gas, or shutting down the wells'.

The reserve level can be decreased at a constant proportional cost ¢ > 0. The extraction
does not need to be performed at a rate, and we identify the cumulative amount of commodity
that has been extracted up to time ¢ > 0, &, as the company’s control variable. It is an F-
adapted, nonnegative, and increasing cadlag (right-continuous with left-limits) process (&;):>0
such that & < y a.s. for all t > 0 and &— = 0 a.s. The constraint £ < y for all t > 0 has
the clear interpretation that at any time it cannot be extracted more than the initial amount
of commodity available in the reservoir. For any given y > 0, the set of admissible extraction
strategies is therefore defined as

A(y) :={£: Q2 x[0,00) = [0,00) : (&)e>0 is F-adapted, t — & is increasing, cadlag,
with §— =0 and & < y a.s.}.

Clearly, A(0) = {¢ = 0}.

The level of the reservoir at time ¢, Y;, then evolves as
dYYS = —dg,  Y) =y>0,

where we have written Y¥¢ in order to stress the dependency of the reservoir’s level on the
initial amount of commodity y and on the extraction strategy &.

While extracting, the company affects the market price of the commodity. In particular,
when following an extraction strategy & € A(y), the market price at time ¢, Xy, is instanta-
neously reduced by ad§;, for some a > 0, and the spot price thus evolves as

(2.2) dX7* = (a = bX[P)dt + 0dW; — adgy,  XJ* =z €R.

We notice that for any & € A(y) there exists a unique strong solution to (2.2) by Theorem 6
in Chapter V of [28], and we denote it by X®¢ in order to keep track of its initial value 2 € R,
and of the adopted extraction strategy & € A(y).

Remark 2.1. Notice that when b = 0, the impact of the company’s extraction on the price
is permanent. On the other hand, it is transient (or temporary) in the mean-reverting case
b > 0 because, in the absence of any interventions from the company, the impact decreases
since X reverts back to its mean-reversion level.

The company aims at maximizing the total expected profits, net of the total expected costs
of extraction. That is, for any initial price z € R and any initial value of the reserve y > 0,
the company aims at determining £* € A(y) that attains

(2.3) V(z,y) :=J(x,y,§) = sup J(z,¥,5),
EEA(Y)
where
(2.4) J(z,y,€) =E [/00 efpt(th’g —c)d&; + Z efpt[(Xff —c)A& — %Q(Aft)Q] ,
0 1>0:A&45£0

for any £ € A(y), and for a given discount factor p > 0. Here, and also in the following,
A& =& — &, t >0, and £° denotes the continuous part of £ € A(y).

1See, e.g., the article on the Financial Post or the news on the website of the U.S. Energy Information
Administration


http://business.financialpost.com/commodities/canadian-natural-gas-prices-enter-negative-territory-amid-pipeline-outages
https://www.eia.gov/naturalgas/weekly/archivenew_ngwu/2018/05_10/
https://www.eia.gov/naturalgas/weekly/archivenew_ngwu/2018/05_10/
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Remark 2.2. In (2.4) the integral term in the expectation is intended as a standard Lebesgue-
Stieltjes integral with respect to the continuous part £¢ of £. The sum takes instead care of
the lump sum extractions, and its form might be informally justified by interpreting any lump
sum extraction of size A& at a given time t as a sequence of infinitely many infinitesimal
extractions made at the same time t. In this way, setting ¢, := %, the net profit accrued at
time t by extracting a large amount A& of the commodity is

Nl N A&y 1

Z e Pt (Xf_"g—c—jaet)et 80 / e Pt (th_’g—c—au)du —e Pt [(Xf_’g—c)Aft—ia(Agt)Q]
§=0 0

This heuristic argument - also discussed at pp. 329-330 of [2] in the context of one-dimensional
monotone follower problems - can be rigorously justified, and technical details on the conver-
gence can be found in the recent [5]. We also refer to [L7] and [29] as other papers on singular
stochastic control problems employing such a definition for the integral with respect to the
control process.

3. PRELIMINARY RESULTS AND A VERIFICATION THEOREM

In this section we derive the HJB equation associated to V and we provide a verification
theorem. We start by proving the following preliminary properties of the value function V.

Proposition 3.1. There exists a constant K > 0 such that for all (x,y) € R x [0,00) one has
(3.1) 0< V(z,y) < Ky(1+y)(1+]zl).
In particular, V(x,0) = 0. Moreover, V is increasing with respect to x and y.

Proof. The proof is organized in two steps. We first prove that (3.1) holds true, and then we
show the monotonicity properties of V.

Step 1. The nonnegativity of V follows by taking the admissible (no-)extraction rule £ =0
such that J(z,y,0) = 0 for all (z,y) € R x [0,00). The fact that V(x,0) = 0 clearly follows
by noticing that A(0) = {¢ =0} and J(x,y,0) = 0.

To determine the upper bound in (3.1), let (z,y) € R x (0,00) be given and fixed, and for
any &£ € A(y) we have

o0
’E[ / e PHXPE—c)dgg + Y e (X — o)Al — ;‘(Agt)Q]] ’
(3.2) 0 >0:A87#0

: 0
SE[ / epthf’gldff] rop+ E[ ST enxSAg + ;“(Agtﬂ}

0 £>0:A645£0

where we have used that cfooo e Ptdé; = cfooo pe Pt&dt < cy to obtain the term cy in right-
hand side above.

We now aim at estimating the two expectations appearing in right-hand side of (3.2). To
accomplish that, denote by X% the solution to (2.2) associated to & = 0 (i.e. the solution to

(2.1)). Then, if b = 0 one easily finds X*¢ = X" — ag, > —|X"°| — ay a.s., since & < y a.s.
If b > 0, because Xf’s < Xf’o a.s. for all t > 0 and & < y a.s., one has

t t
va§:x+/ (a—bX;”’E)ds—l—aWt—a{th—i-/ (a —bXT0)ds + oW; — ay
0 0
= X7 —ay 2 —|X7°| - ay.

Moreover, one clearly has th,g < Xf’o < \th’ol + ay for b > 0. Hence, in any case,
(3.3) X7 < 1X70) + ay.
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By an application of Ito’s formula we find for b = 0 that

)

t t t
e Pt X0 < Ja| + p/ e P XE0 | du + ]a\/ e Pdu+ ‘ / e PladW,
0 0 0

and for b > 0 that
t t t
e PX 0 < | + p | e PYX%O\du + e P%(|lal + b| X0 du + e PodW,|.
! 0 “ 0 “ 0

The previous two equations imply that, in both cases b = 0 and b > 0, there exists C; > 0

such that
t
/ e_puquH .
0

Then, the Burkholder-Davis-Gundy’s inequality (see, e.g., Theorem 3.28 in Chapter 3 of [22])
yields

1
9] 9] 3
(3.5) E[Supe”ﬂXf’O@ < |z|+ C4 <1 +/ ep“EHXff’OHdu) + C’gE[(/ er“du> ]
>0 0 0

for a constant Cs > 0, and therefore

(0.9}
3.4) E|supe X2 <zl + 01+ e PUR[1 X% du | + oE| sup
t u
t>0 0 t>0

(36) B[ supe 771 < Ca(1+ Ja)
t>

for some constant Cy > 0, since it follows from standard considerations that there exists
C3 > 0 such that [j° e P E[| X5 du < Ca(1 + |z)).
Now, exploiting (3.3) and (3.6), in both cases b = 0 and b > 0 we have the following:

(i) For a suitable constant Ky > 0 (independent of x and y)

E[ / e—mxfﬂdsf] SE[ / e—ﬂt|Xf’°|dsf]+ayE[ / pe—ptsfdt}
0 0 0

(3.7)
< yE[sup ept!Xf’Ol] +ay® < Cay(1 +|z]) + ay® < Koy(1+y) (1 + [x]).
>0
Here we have used: (3.3) and an integration by parts for the first inequality; the fact
that £ < y a.s. for the second one; equation (3.6) to have the penultimate step.
(ii) Employing again (3.3), the fact that > ,-.a¢, 20 A& < y, and (3.6), we also have

E[ Z e IXTE|AG + Z(A&)Q]] < gozy2 +E[ Z e P X0 |Ag,

(38) t>0:A&7#0 t>0:A&:7#0

3
< 0?4 sup (1) | < S + Cap(1 4 Ja) < Kag(1+ )1+ o).
>

N W

for some K7 > 0.

Thus, using (i) and (ii) in (3.2), we conclude that there exists a constant K > 0 such that
T (z,y,8)] < Ky(1+y)(1+ |z|) for any £ € A(y), and therefore (3.1) holds.

Step 2. To prove that x — V(x,y) is increasing for any y > 0, let x5 > x1, and observe
that one clearly has X/2° > X7 as. for any t > 0 and & € A(y). Therefore J(xg,y,&) >
J(z1,y, &) which implies V (z2,y) > V(x1,y). Finally, letting yo > y1, we have A(y2) 2 A(y1),
and thus V(z,y2) > V(z,y1) for any x € R. O
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We now move on by deriving the dynamic programming equation that we expect that V
should satisfy. In the rest of this paper, we will often denote by fz, fzz, fy, fzy etc. the partial
derivatives with respect to its arguments x and y of a given smooth function f of several
variables. Moreover, we will denote (unless otherwise stated) by f’, f” etc. the derivatives
with respect to its argument of a smooth function f of a single variable.

At initial time the company is faced with two possible actions: extract or wait. On the
one hand, suppose that at time zero the company does not extract for a short time period
At, and then it continues by following the optimal extraction rule (if one exists). Since this
action is not necessarily optimal, it is associated to the inequality

V(z,y) > E|le PAV(XZ,_,9)|, (z,y) € R x (0,00).

Then supposing V is C*!(R x [0,00)), we can apply Itd’s formula, divide by At, invoke the
mean value theorem, let At — 0, and obtain

LV (z,y) — pV(z,y) <0, (x,y) € R x(0,00).

Here L is given by the second order differential operator

0
(a — bx)—, if b> 0,
1, 0° Oz
(3.9) L:=-0"—+
a—, if b=0.
Ox
On the other hand, suppose that the company immediately extracts an amount € > 0 of
the commodity, sells it in the market, and then follows the optimal extraction rule (provided
that one exists). With reference to (2.4), this action is associated to the inequality

1
V(z,y) >V(z—ae,y—¢e)+ (z — c)e — 50452,

which, adding and substracting V (z — ae,y), dividing by ¢, and letting € — 0, yields
0> —aVy(z,y) — Vy(z,y) + = —c.

Since only one of those two actions can be optimal, and given the Markovian nature of our
setting, the previous inequalities suggest that V should identify with an appropriate solution
w to the Hamilton-Jacobi-Bellman (HJB) equation

(3.10)
max {Ew(z, y) — pw(z,y), —owz(x,y) — wy(x,y) + = — c} =0, (z,y) €R x(0,00),

with boundary condition w(z,0) = 0 (cf. Proposition 3.1), and satisfying the growth condition
in (3.1). Equation (3.10) takes the form of a variational inequality with state-dependent
gradient constraint.

With reference to (3.10) we introduce the waiting region

(3.11) W :={(z,y) € Rx(0,00) : Lw(z,y)—pw(x,y) =0, —oqw,(z,y)—wy(z,y)+x—c < 0},
in which we expect that it is not optimal to extract the commodity, and the selling region
(312) §:= {(2,y) € Rx(0,00) : Lun(, y)—pu(w,y) < 0, —aw,(w,y)—w, (z, y)+a—c = 0},

where it should be profitable to extract and sell the commodity. In the following, we will
denote by W the topological closure of W.

The next theorem shows that a suitable solution to HJB equation (3.10) identifies with the
value function, whenever there exists an admissible extraction rule that keeps (with minimal
effort) the state process (X,Y) inside W.
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Theorem 3.2 (Verification Theorem). Suppose there exists a function w : R x [0,00) — R
such that w € C*1(R x [0, 00)), solves HJB equation (3.10) with boundary condition w(z,0) =
0, is increasing in y, and satisfies the growth condition

(3.13) 0 <w(z,y) < Ky(l+y)(1+|z[), (2,y)€Rx(0,00),

for some constant K > 0. Then w >V on R x [0, 00).
Moreover, suppose that for all initial values (x,y) € R x (0,00), there ezists a process

& € A(y) such that

(3.14) (Xtm’g*,Yty’g*) eW, forallt>0,P-as.,

(3.15) & = /[Ot] ]l{(X:,g*ng,g*)eS}dﬁz, for allt > 0, P-a.s.

Then we have w =V on R x [0,00) and £* is optimal; that is, J(x,y,&*) = V(z,y) for all
(z,y) € R x [0,00).

Proof. The proof is organized in two steps. Since by assumption w(z,0) =0 =V (z,0), xz € R,
in the following argument we can assume that y > 0.

Step 1. Let (z,y) € R x (0,00) be given and fixed. Here, we show that V' (z,y) < w(z,y).
Let £ € A(y), and for N € N set 7p v := inf{s > 0 : X%* ¢ (=R, R)} A N. By Ito-Tanaka-
Meyer’s formula, we find

e TPTRN (X 28 VYL ) —w(x,y)

TR,N’ " TR,N

TR,N TR,N
:/ e P (Ew(Xf’é,Ysy’é) _ pw(X;”’é,YSy’é))ds + a/ e—pswm(X;cg’)/;y,g)dWS
0 0

=:M.

(3.16) TR,N
bOY e Y — (X2 v
0<s<7r,N
TR,N
[ e awa (XY (X5 YO et
0
Now,
w(XPEYPE) —w(XDE,YES) = w(XDE — aAg, Y25 — AL,) — w(XT5, V)
/Afs Ow(XS — au, ¥4 — u)
= du
0 3u

s— s— » Ls—

A&s
= / [ — aw, (X7 — au, Y2 — u) — wy (XT* — au, YV — u)} du,
0

which used into (3.16) gives the equivalence
Ags

/ o e ? (X‘Z”’§ —c)d&S + Z e_ps/ (XLZC,5 —au — ¢)du — w(z,y)
0 0

0<s<7r,N

TR,N’ ~TR,N

TR,N
= — e FTRN(XEE YYE ) 4 / e’ (L’w(Xf’g, Y¥E) — pw(XZE, Y;y’5)>ds + Moy,
0

)T s—

Ags
+ Z e_ps/o [ — Ozwm(Xf;5 — au, Ysz”f —u) — wy(XZ”;£ —ou, YVt — w)

0<s<7R,N

TR,N
F O —au—adut [ - aun (0 VP9 <y (X2 VP 4 X2 - o] et
0
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Since w satisfies (3.10) and w > 0, by taking expectations on both sides of the latter equation,
and using that E[M,, ;] = 0, we have

(3.17)  w(x,y) > E[/OTR’ e S (XTE — ¢)des + Z /AE& Lo — c)du}
0<s<TR.N

We now want to take limits as N T oo and R 1 oo on the right-hand side of the equation
above. To this end notice that one has a.s.

Aés
‘ / e s X‘”ﬁ — c)d&s + Z e_ps/ (Xf’_é —au — c)du‘
0

0<s<7Rr,N

</ e PIXTHAES + ey + D e (IXTEAL + S(AL)?),
) 2

§>0:A¢:#0

(3.18)

and the right-hand side of (3.18) is integrable by (3.7) and (3.8). Hence, we can invoke the
dominated convergence theorem in order to take limits as R 1 oo and then as N 1 oo, so as
to get

(3.19) J(z,y,8) < w(z,y).

Since £ € A(y) is arbitrary, we have

(3.20) w(zx,y),

Viz,y) <
which yields V' < w by arbitrariness of (z,y) in R x (0, c0).
> w(z,

Step 2. Here, we prove that V(z,y) y) for any (x,y) € R x (0,00). Let & € A(y)
satisfying (3.14) and (3.15), and let 75 5 := inf{t > 0 : X “" ¢ (“R,R)} AN, for N € N.
Then, by employing the same argumenlcs as in Step 1, all the inequalities become equalities
and we obtain

E{/ R,N e—ps(X;c,E* ) dere + Z / & c—au)du
0

0<s<7p

+E{e pTRNw(Xx’g v )]:w(a:,y),

) TR

where £*¢ denotes the continuous part of £*. If now

(3.21) lim lim E[e—f’ﬁ%ww(xf Ye )] —0,
NToo Rfoo R,N
then we can take limits as R T oo and N 1 oo, and by (3.18) (with £ = £*) together with (3.7)
and (3.8) we find J(z,y,&*) = w(x,y). Since clearly V(z,y) > J(x,y,&"), then V(x,y) >
w(z,y) for all (z,y) € R x (0,00). Hence, using (3.20), V = w on R x (0, 00), and therefore
on R x [0, 00) because V(z,0) = 0 = w(z,0) for all z € R.
To complete the proof it thus only remains to prove (3.21), and we accomplish that in the
following. Since y — w(z,y) is increasing by assumption, we have by (3.13) and (3.3) that

b
TN TR

0< e Mhvw(XTE Y ) < e TR w(XTE L y) < e RN Ey(1y) (14 X7 )
< Ky(l+y)[(1+ ay)e PTRN 4 e_pT’E’N|X%ONH

< Ky(1+y)[(1+ ay)e Phy 4 e~ 27N sup e~ 51| X0,
£0
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Taking expectations and employing Hélder’s inequality
0 <E[eThvw(X5E Ve )]

RN’ TRN

(3.22) ) L o1h

SKy(l—ky)[(l—kay)E[e*pTRvN}—HE[ pTRN} E{supe PXD |} }
>0

To take care of the third expectation on right hand side of (3.22), observe that by It6’s formula
we have (in both cases b =0 and b > 0)

t
e_pt(th’O)Q < ﬂf2+/ e PU [p(XS’O)Z-f-O'Z]dU
(3.23) 0

t
/ 2| X2 (|a| 4+ b| XZ°|)du + 20 sup
>0

/Ot_

Notice that [ e 2E[| X502 du < C1(1+|x[?), for some constant C; > 0, and therefore an
application of the Burkholder-Davis-Gundy’s inequality (see, e.g., Theorem 3.28 in [22]) gives

(3.24) sup ‘ /
>0

for a suitable Cy > 0. Then taking expectations in (3.23), employing (3.24), we easily obtain
that there exists a constant C3 > 0 such that

E[supe | X712 < C5(1 + |z[?).

} < Co(1+ |2)),

>0
Hence, when taking limits as R T oo and N 1 oo in (3.22), the right-hand side of (3.22)
converges to zero, thus proving (3.21) and completing the proof. O

4. CONSTRUCTING THE OPTIMAL SOLUTION

We make the guess that the company extracts and sells the commodity only when the
current price is sufficiently large. We therefore expect that for any y > 0 there exists a critical
price level G(y) (to be endogenously determined) separating the waiting region W and the
selling region S (cf. (3.11) and (3.12)). In particular, we suppose that
(4.1) W= {(z,y) e Rx (0,00) : y>0and z < G(y)} U (R x {0}),

(4.2) S={(z,y) e Rx (0,00) : y>0and z > G(y)}.

According to such a guess, and with reference to (3.10), the candidate value function w

should satisfy

(4.3) Lw(z,y) — pw(x,y) =0, for all (x,y) € W.

It is well known that (4.3) admits two fundamental strictly positive solutions ¢(x) and ¥ (z),
with the former one being strictly decreasing and the latter one being strictly increasing.
Therefore, any solution to (4.3) can be written as

w(z,y) = A(y)(x) + Bly)p(x), (z,y) €W,
for some functions A(y) and B(y) to be found. In both cases b =0 and b > 0 (cf. (2.2)), the
function ¢ increases exponentially to +o0o as x | —oo (see, e.g., Appendix 1 in [6]). In light
of the growth conditions of V' proved in Proposition 3.1, we therefore guess B(y) = 0 so that

(4.4) w(z,y) = A(y)Y(x)

for any (z,y) € W.
For all (z,y) € S, w should instead satisfy

(4.5) —awg(z,y) — wy(z,y) + —c=0,
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implying
(4.6) —QWeq (2,Y) — wyz(x,y) +1 = 0.
To find G(y) and A(y), y > 0, we impose that w € C%!, and therefore by (4.4), (4.5), and

(4.6) we obtain for all (z,y) € WNS, i.e. = G(y), that
(4.7) —aA(y)y'(z) — A'(y)d@) +z—c=0 at z=G(y),
(4.8) —aAy)Y(z) - A () +1=0 at z=G(y)

From (4.7) and (4.8) one can easily derive that A(y) and G(y), y > 0, satisfy
(49)  —aA(y) (¥'(@)* = ()0 (@) + (@ - ¢'(z) —¥(z) =0 at = =G(y).

In the following we continue our analysis by studying separately the cases b = 0 and
b > 0, corresponding to a fundamental price of the commodity that is a drifted Brownian
motion and an Ornstein-Uhlenbeck process, respectively. We will see that the form of the
optimal extraction rule substantially differs among these two cases, and we will also provide
a quantitative explanation of this by identifying an optimal stopping problem related to our
optimal extraction problem (see Section 4.2.1 and Remark 4.16 below).

4.1. b = 0: The Case of a Drifted Brownian Motion Fundamental Price. We start
with the simpler case b = 0, and we therefore study the company’s extraction problem (2.3)
when the fundamental commodity’s price is a drifted Brownian motion. Dynamics (2.1) with
b =0 yield
AXTE = adt + odW; — adé;,  XP* =1 eR,
for any & € A(y), and consequently (4.3) reads as
2

o
(4.10) ?wm(ﬂ:,y) + awg(z,y) — pw(z,y) =0, (x,y) € R x (0,00).
The increasing fundamental solution v to the latter equation is given by
2
(4.11) bla) = with 0= - /(g) +25 >0
o o o

For future use, we notice that n solves B(n) = 0 with

0_2

(4.12) B(u) := 7u2 +au—p, uelR

Upon observing that ¢'(x)? — ¢(x)y"(x) = 0 for all x € R, we see that any explicit
dependency on y disappears in (4.9), and we therefore obtain that the critical price G(y)
identifies for any y > 0 with the constant value

1
(4.13) ¥ =c+ —,
n

which uniquely solves the equation (z* —¢)n — 1 =0 (cf. (4.9) an

Moreover, by using either (4.7) or (4.8), and by imposing A(0

V(z,0) =0 for all z € R; cf. Theorem 3.2), the function A in (4.4
1

A — —cn—1 1 — e~ > (.
(y) = —5e (I—e™), y>

(4.11)).
= 0 (since we must have
is given by

d
)
)

In light of the previous findings, the candidate waiting region W is given by
W= {(z,y) e R x (0,00) : y>0and z <z} U (R x {0}),
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and we expect that the selling region S is such that S = S; U Sy, where

S1:={(z,y) e Rx (0,00) : & > 2" and y < (z — 2¥)/a},

Se :={(z,y) e R x (0,00) : > 2" and y > (x — 2¥)/a}.
In Sq, we believe that it is optimal to deplete immediately the reservoir. In Sg the company
should make a lump sum extraction of size (z — 2*)/a, and then sell the commodity continu-

ously and in such a way that the joint process (X,Y) is kept inside W, until there is nothing
left in the reservoir. These considerations suggest to introduce the candidate value function

(4.14)

ﬁe(‘f*c)"*l(l —e M), if (z,y) € W,
U)(l’,y) = ﬁ (]- - eian(yiz:"z )) + (CC - C) (%ﬁ) - i(l‘ - 33*)2 if ([L‘, y) € S27
(x — )y — %ayQ, if (z,y) € S;.

Notice that the first term in the second line of (4.14) is the continuation value starting from
the new state (z*,y — %ﬁ), and that w above is continuous by construction. From now on,
we will refer to the critical price level * as to the free boundary.

The next proposition shows that w actually identifies with the value function V.
Proposition 4.1. The function w : Rx [0,00) + [0,00) defined in (4.14) is a C**(R x [0, 00))
solution to the HJB equation (3.10) such that
(4.15) 0<w(z,y) < Ky(l+y)(1+z]), (2,y) € Rx[0,00),

for a suitable constant K > 0.
Moreover, it identifies with the value function V' from (2.3), and the admissible control

1
(4.16) & =y A sup —[a:—x*%—as—kaWsTr, t>0, & =0,
0<s<t &

with x* as in (4.13), is an optimal extraction strategy.
Proof. The proof is organized in steps.

Step 1. We start proving that w € C*1(R x [0,00)). One can easily check that w(z,0) = 0
for any = € R, and that w is continuous on R x [0, 00) (recall also the comment after (4.14)).
For all (z,y) € W we derive from (4.14)

1 1
4.17 . — = (z=c)n-1 1 — e~y - — — (z—c)n-1 1 ey
(@IT) weley) = eI L), () = e (1 o),
and
1 (x—c)n—1 _—any
(4.18) wy(x,y) = e e .

Also, for all (z,y) € So we find from (4.14) by direct calculations that

1 I*I* - ]_ I*I*
(419)  wile,y) = ——e 0T L T () = = (1 e,
an «a a
and
1 _ _z—a*
(4.20) wy(x,y) = e on(y=*57)
Finally, for (z,y) € S; we have
(4.21) we(z,y) =y, We(z,y) =0, wy(z,y)=2—c—oay.

From the previous expressions it is now straightforward to check that w € C%!(R x [0, 00))
upon recalling 2* = ¢ + L (cf. (4.13)).
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Step 2. Here we prove that w solves HJB equation (3.10). By construction we have
—owg(z,y) — wy(z,y) + © —c = 0 for (z,y) € S, and Lw(z,y) — pw(z,y) = 0 for (z,y) €
W. Hence it remains to prove that —aw,(z,y) — wy(z,y) + = —c < 0 for (z,y) € W and
Lw(z,y) — pw(z,y) <0 for (z,y) € S. This is accomplished in the following.

On the one hand, letting (z,y) € W we obtain from the first equation in (4.17) and (4.18)
that

1
—aw, () — wy(w,y) + 2 —c= - L g <,
n

where the last inequality is due to e®*=9"~1 > (z — ¢)n, which derives from the well-known
property of the exponential function e? > ¢ + 1 for all ¢ € R.
On the other hand, for (z,y) € S; we find from the third line of (4.14) and (4.21) that

[0
Lw(w,y) = pw(e,y) = ay = pz = )y + S py* =: Hi(w,y).

We now want to prove that Hy(x,y) < 0 for all (x,y) € S1. Because y < x_Tz* with x* = c+%,
we find

OH, p
— (@, y)=a—plx—c)+apy <a— —.
3y (z,y) plz —c)+apy -
In order to study the sign of 851, we need to distinguish two cases. If a < 0, then it follows
O0H;

immediately %1(z,y) < 0. If a > 0, then recall B from (4.12) and notice that because

u — B(u) is increasing on (—a/c?,00) D Ry, B(n) =0, and B(£) > 0, one has £ > n. Hence
again 65;1 (x,y) < 0. Since now limy o Hi(x,y) = 0 for any & > 2*, then we have just proved

that Hy(z,y) <0 for all y < z=2" and for any x > z*. Hence, Lw — pw <0 in S;.

(67

Also, for (z,y) € S, we find

T x*) + %(x —2*)? =: Hy(z).

To obtain the first equality in the equation above we have used the second line of (4.14),
(4.19), and that n solves B(n) = 0 with B as in (4.12). Notice that Ha(2*) =0 and Hj(x) =
1(a—p(z —c)). If a < 0, we clearly have that Hj(z) < 0, since > 2* > ¢. If a > 0, then

Hl(z) <0 if and only if x > ¢+ %, but the latter inequality holds for any = > z* since we

Lu(a,y) - pule,y) = ~(x —a*) = pla = o)

have proved above that for a > 0 we have g > n, and therefore, 2* = ¢+ % >c+ %. Hence,
in any case, Hj(xz) <0 for all x > a*, and then Lw — pw < 0 in Sy.

Combining all the previous findings we have that w is a C*!(R x [0, 00)) solution to the
HJB equation (3.10).

Step 3. Here we verify that w satisfies all the requirements needed to apply Theorem 3.2.
The fact that y — w(z,y) is increasing in W and S; easily follows from (4.18) and (4.20),
respectively. The monotonicity of w(z,-) in S; is instead due to (4.21) and to the fact that
y<(r—2z%)/ain S and z* > c.
In order to show the upper bound in (4.15), notice that
1

(4.22) w(z,y) < for all (z,y) € W,

2 )
an
since z < x*. Further, we find for all (z,y) € So that

wizy) = 5 (1- e 0) ¢ (@ o) <$ - ) LI

« 2c

(4.23)

IN

te-o () s L v @0
— 4+ (z—c x—c
an? « ~ an? Y
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where we have used that y > (x — 2*)/a for all (z,y) € Sy. Finally, for all (z,y) € S; it is
clear that

(4.24) w(z,y) =z~ Ay — 0" < (2~ cly.

Hence, from (4.22)-(4.24) we see that w satisfies the required growth condition.
We now show the nonnegativity of w. For all (z,y) € W one clearly has w(z,y) > 0, and
one also finds that for all (z,y) € So

r—x

w(z, y) zé (1- o) (e - ) ( ) Ly

(0%

~L - e—anw—“;””*)) (=) [je-a+ 56 -a] 2o

an? «

CEZ‘

where the last inequality is due to y >
obtains

and z > x* > c¢. Moreover, for (z,y) € S1, one

1

w(z,y) = (:v—c)y—iagf Zy{x—c—%(x—x*)} =y [;(x—c)—{—;(:v*—c)] > 0,

where we have used y < (x—2z*)/a in the first inequality, and x > z* > ¢ in the last inequality.
Thus, w is nonnegative on R X [0, c0).

Step 4. The control £* given by (4.16) is admissible, and satisfies (3.14) and (3.15). Since
by Step 1 and Step 2 w is a C*!-solution to the HJB equation (3.10), and by Step 3 satisfies
all the requirements of Theorem 3.2, we conclude that

w(z,y) =V(z,y), (z,y) €Rx[0,00),
by Theorem 3.2. O

Remark 4.2. Notice that, as « | 0, the optimal extraction rule & of (4.16) converges to the
extraction mle E that prescribes to instantaneously deplete the reservoir as soon as the price
reaches x*; i.e., defining, for any given and fized (x,y) € Rx [0,00), T(x,y) := inf{t > 0:
x—f—at—l—UWt > x*}, one has ft =0 forallt < 7(x,y) and ft =y for allt > 7(z,y). The latter
control can be easily checked to be optimal for the extraction problem in which the company
does not have market impact (i.e. o =0).

4.2. b > 0: The Case of a Mean-Reverting Fundamental Price. In this section we
assume b > 0, and we study the optimal extraction problem (2.3) when the commodity’s
price evolves as a linearly controlled Ornstein-Uhlenbeck process

AX7E = (a — bXTS)dt + 0dW; — ad, X3S =z €R,

for any £ € A(y). Before proceeding with the construction of a candidate optimal solution for
(2.3), in the next lemma we recall some important properties of the (uncontrolled) Ornstein-
Uhlenbeck process that will be needed in our subsequent analysis. Their proof can be found
in Appendix A.

Lemma 4.3. Let L denote the infinitesimal generator of the uncontrolled Ornstein- Uhlenbeck
process (cf. (3.9)). Then the following hold true.

(1) The strictly increasing fundamental solution to the ordinary differential equation Lu—
pu = 0 is given by

(4.25) o) = e 5D < - M@)

SlS)

ob
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FIGURE 1. A graphical illustration of the optimal extraction rule £* (cf. (4.16))
and of the free boundary x*. The plot has been obtained by using a = 0.4, o0 =
0.8, p = 3/8,¢c = 0.3, « = 0.25. The optimal extraction rule prescribes the
following. In the region {(z,y) € R x (0,00) : & < z*} it is optimal not to
extract. If at initial time (z,y) is such that > 2* and y < (z — 2*)/«, then
the reservoir should be immediately depleted. On the other hand, if (z,y) is
such that z > z* and y > (x — 2*)/a, then one should make a lump sum
extraction of size (x —x*)/c, and then keep on extracting until the commodity
is exhausted by just preventing the price to rise above x*.

where

_z_
e 4

(4.26) Ds(a) = 15

is the Cylinder function of order B and I'(-) is the Euler’s Gamma function (see, e.g.,
Chapter VIII in [3]). Moreover, 1) is strictly convex.

(2) Denoting by V) the k-th derivative of 1, k € N, one has that %) is strictly convex
and it is (up to a constant) the positive strictly increasing fundamental solution to
(L—(p+Ekb)u=0.

(3) For any k € NU {0}, v 2 (2)y®) (z) — ) (2)2 > 0 for all z € R.

o t2
/ A=z, B <0,
0

For any y > 0, from (4.9) we find a representation of A(y) in terms of G(y); that is,

a[Y(G(y))? — "(G(y) (G (y))]

Notice that the denominator of A(y) is nonzero due to Lemma 4.3-(3).

For our subsequent analysis it is convenient to look at GG as a function of the state variable
y € (0,00), and, in particular, we conjecture that it is the inverse of an injective nonnegative
function F' to be endogenously determined together with its domain and its behavior. This
is what we are going to do in the following. From now on we set G = F~!,

Since we have V(z,0) = 0 (cf. Theorem 3.2) for any = € R, we impose A(0) = 0. Then,
from (4.27) we obtain the boundary condition

(4.28) xo:= F71(0) solving (20 — ¢)¢'(z0) — ¢(z0) = 0.

In fact, existence and uniqueness of such xz( is given by the following (more general) result.
Its proof can be found in Appendix A.




16 FERRARI, KOCH

Lemma 4.4. Recall that v*) denotes the derivative of order k, k € NU {0}, of . Then, for
any k € NU {0}, there exists a unique solution on (c,00) to the equation (z — c) 1) (z) —
Y (z) = 0. In particular, there exists o > ¢ uniquely solving (z — )y’ (z) — ¥ (z) = 0 and
Too > ¢ uniquely solving (z — )y (x) — ' (xz) = 0.

From (4.7) and (4.8) we have
14@):(F“Wy%—dqu_Ww)—ﬁﬂF_Ww)
YN y)e(FHy) — ' (F 1 (y)?
and the denominator of A’(y) is nonzero due to Lemma 4.3-(3).
Now, we define the functions M : R — R and N : R — R such that for any x € R
_ (@—o¢(z) —¢(2) o) o @ Y(a) —¢(2)
W0 M@= Sy el N e - e
and, by differentiating M and rearranging terms, we obtain
" (@) [(z — )¢ () — ¥ (@)] — ¢ (2) [(z — )¢ (x) — ¢'(z)]] P (2)
afy!(x)? = ¢ (z)(2)]? '

However, by noticing that M(x) = A(F(z)) (cf. (4.27) and (4.30)), the chain rule yields
M'(x) = A'(F(x))F'(x), which in turn gives

(4.29) y >0,

M'(z) = [

_ M'(z)
- N(z)’
upon observing that N(z) = A'(F(z)) from (4.29) and (4.30).
Recall that by Lemma 4.4 there exists a unique 2+, > ¢ solving N (z) = 0; that is, solving

(x — )" (x) —4'(x) = 0. Due to (4.31), this point is a vertical asymptote of F’, and the next
result shows that z, is located to the left of xg. The proof can be found in Appendix A.

(4.31) F'(z)

Lemma 4.5. Recall Lemma 4.4 and let xg and xo be the unique solutions to M(xz) =0 (i.e.
(x — )Y (x) —(x) =0) and N(z) =0 (i.e. (x—c)"(x) —'(x) =0), respectively. We have
Too < X(.

The following useful corollary immediately follows from the proof of Lemma 4.4.
Corollary 4.6. One has
(x — ) (z) —(z) <0, for all z < xy,
and
(x — )" (x) = (x) >0, forallz > Too.

By integrating (4.31) in the interval [z,z], for z € (2o, o], and using the fact that
F(xzg) =0 (cf. (4.28)), we obtain

@) e v (e) ()] - (@) [ - ) — @) v)
s P = | —a [ (2)i() — PG - 9P () — () I

which is well defined, but possibly infinite for z = z,. In the following we will refer to F as
to the free boundary. We now prove properties of F' that have been only conjectured so far.

2,

Proposition 4.7. The free boundary F defined in (4.32) is strictly decreasing for all x €
(Zoo, o) and belongs to C°((zo, xo]). Moreover,

(4.33) lim F(z) =00 = lim F'(x).

Tl Too Tl Too
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Proof. Step 1. We start by proving the claimed monotonicity. Notice that by (4.32) one has

F'(z) = —©(z), where the function © : (x4, o0] — R is given by

[ (2) [(z = )Y’ (2) — ¥(2)] — ¥"(2) [(z — )¢ (2) — ¢'(2)]] ¥(2)
—a[y(2)Y(z) — ¥'(2)%][(z — )¢ (2) — ¥'(2)] '

By Lemma 4.3 one has ¢"(2)y(z) — ¢'(2)? > 0 for any z € R. Moreover, ®(z) := (z —

)Y’ (z) —Y'(2) > 0 for all z > x4, > ¢ by Corollary 4.6. Therefore the denominator of © is

strictly negative for any z € (2o, x0). Again, an application of Corollary 4.6 implies that the

numerator of © is strictly negative for any 2z € (zo, ), and therefore © > 0 and F’ < 0.

Thus, we conclude that F' is strictly decreasing.

Step 2. To prove (4.33), recall that from Step 1 we have set ®(z) = (z—c)¢"(2) —¢'(2) >0
for all z € (20, z0), and define

h(z) = [ (2) [(z — )¥'(2) — ¥(2)] = ¥"(2) [(z — )" (2) — ¢¥'(2)]] ¥(2)

—a[y(2)¥(z) — ¥'(2)?] ’

which is continuous and nonnegative by Step 1. Notice that h/® = ©, with © as in Step 1.
By de I'Hopital’s rule,

O(z) :=

S (xom 1'0)7

lim 2(2) = lim ®'(2) = (200 — )V (250) =: £ > 0,

2 Too 2 — Lo 2l Too

so that, for any £ > 0, there exists J. > 0 such that if |z — 2| < Jc, then ‘% - f‘ < e.
Thus, for any € > 0, we let . be as above, and we take x € (oo, Too + 0z). Then, recalling
(4.32), we see that there exists a constant C' > 0 (possibly depending on x, and x(, but not

on x) such that
To o
F(x) :/ @(z)dz:/ hz) 502 dz
z ¢ (2— o) o)

Tootde (7 dz zo dz
> ( +C —— — 00

- {+e) (2 = 2oo) zoo+0. P(2)
as T | Teo.
Finally, since the integrand in (4.32) is a C*°-function on (Zs, o), it follows that F' is so
as well. O

Remark 4.8. The critical price levels xog and xo have a clear interpretation. xq is the free
boundary arising in the optimal extraction problem when we set a = 0, so that the company’s
actions have no market impact. To, is the free boundary of the optimal extraction problem
when there is an infinite amount of commodity available in the reservoir, i.e. y = 0.

Given F as above, we now introduce the sets S; and Sy that partition the (candidate)
selling region S:
St :={(z,y) € Rx (0,00) : > F1(y) and y < (z — z0)/a},
Sy :={(z,y) € Rx (0,00) : & > F~'(y) and y > (z — m0)/a}.
and the (candidate) waiting region
W= {(z,y) € R x (0,00) : < F7 (y)} U(R x {0}).
We now make a guess on the structure of the optimal strategy in terms of the sets W and S
and Sy. If the current price z is sufficiently low, and in particular it is such that z < F~!(y)
(i.e. (z,y) € W), we conjecture that the company does not extract, and the payoff accrued is

just the continuation value A(y)y(z). Whenever the price attempts to cross the critical level
F~Y(y), then the company makes infinitesimal extractions that keep the state process (X,Y)
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inside the region {(x,y) € R x (0,00) : < F~!(y)}. If the current price x is sufficiently high
(i.e. ¥ > F~!(y)) and the current level of the reservoir is sufficiently large (i.e. lies in Sy),
then the company makes an instantaneous lump sum extraction of suitable amplitude z, and
pushes the joint process (X,Y") to the locus of points {(z,y) € R x (0,00) : y = F(z)}, and
then continues extracting as before. The associated payoff is then the sum of the continuation
value starting from the new state (z — az,y — z), and the profits accrued from selling z units
of the commodity, that is (x — ¢)z — %azz. If the current capacity level is not large enough
(ie. y < =™, so that (z,y) € S1), then the company immediately depletes the reservoir.
This action is associated to the net profit (z — ¢)y — %@y?
In light of the previous conjecture we therefore define our candidate value function as

A(y)y(z), if (z,y) € W,
(4.34) w(z,y) = ¢ A(F(z — az))(z — az) + (x — ¢)z — 3022, if (z,y) € S,
(x — )y — %ayz, if (x,y) € Sy,

where, for any (z,y) € Sy, we denote by z := z(z,y) the unique solution to
(4.35) y—z=F(x—az).

In fact, its existence and uniqueness is guaranteed by the next lemma, whose proof is in
Appendix A.

Lemma 4.9. For any (x,y) € Sy, there exists a unique solution z(z,y) to (4.35). Moreover,

we have z(x,y) € (7550, == Ay,

(4.36) z(x,F(x)) =0 for any x € (o0, To),
and
(4.37)  z(z,y) = v ;xo, for any (z,y) € R x (0,00) such that x > xy and y = v —06330.

Next, we verify that w is a classical solution to the HJB equation (3.10). This is accom-
plished in the next two results.

Lemma 4.10. The function w is C**(R x [0, 0)).

Proof. Continuity is clear by construction. We therefore need to eveluate the derivatives of
w.
Denoting by Int(-) the interior of a set, we have by (4.34) that for all (z,y) € Int(W)

(4.38) we(2,y) = AP (2),  waalz,y) = A" (), wylz,y) = A'(Y)P(x),
and that for all (z,y) € Int(S;)
(439) wz(xv y) =Y, wxw(xv y) =0, wy(ac, y) =T —Cc—ay.
The previous equations easily give the continuity of the derivatives in Int(W), Int(S;) and in
R x {0}.
To evaluate wy, Wy, and wy for (z,y) € Int(Sy), we need some more work. From (4.35),

we calculate the derivatives of z = z(x,y) with respect to x and y by the help of the implicit
function theorem, and we obtain

(4.40) (T y) = aFi,aE‘m—_a(z)Z)_ 1’
and

1
(4.41) 2y (2, y)

T 1-aF(z—az)
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for any (z,y) € Int(S2). Moreover, recalling that we have set G = F~!, and taking y =
F(z — az), we find from (4.7)
/
442 A(Flo—a2) = 2% ¢ _ W A(F(z— az) LE=22)
(1.42) (Pl = a2)) = 25— ad(Pla ) =2,
and from (4.8)
1—aA(F(z — az))Y"(z — az)
Pz —az) '

By differentiating w with respect to x strictly inside Sy (cf. the second line of (4.34)), and

using (4.40) and (4.42), we obtain

(4.43) A(F(z — az)) =

(4.44) we(z,y) = A(F (2 — a2))y (x — az) + 2.
Also, by (4.43) and (4.40)
(4.45) Wee(2,y) = A(F(z — a2))" (x — az).

Moreover, differentiating with respect to y the second line of (4.34), and using (4.41) and
(4.42), yields

(4.46) wy(z,y) = A'(F(x — az))Y(z — az).

Equations (4.44)-(4.46) hold for any (z,y) € Int(Sz), and give that w € CH?(Int(Sz)).

Now, let (2, yn)n C Int(S2) be any sequence converging to (z, F(x)), z € (e, xo]. Since
limy, 00 2(2n, yn) = 0 by continuity of z, and because A, ¥, ¥' and 9" are also continuous,
we conclude from (4.38) and (4.44)—(4.46) that w € C*Y(WN'S;), where W and Sy denote
the closures of W and Ss.

In order to prove that w € C%1(S; N'Sy), consider a sequence (., yn)n C So converging
to (z, *="), x > wo. Again by the continuity of F' and exploiting that F(xg) = 0 we get
nh_}ngo 2(n, yn) = (x — zg). Therefore, we have w € C*1(S;NSy) by (4.39) and (4.44)—(4.46),

and upon employing A(F(0)) = 0 and ¢ (zo)A'(F(0)) = f,((i%)) = xo — ¢ by (4.43).

Collecting all the previous results, the claim follows. O

Proposition 4.11. The function w as in (4.34) is a C*1(R x [0,00)) solution to the HJB
equation (3.10), and it is such that w(z,0) = 0.

Proof. The claimed regularity follows from Lemma 4.10, whereas we see from (4.34) that
w(z,0) = 0 since A(0) = 0. Hence, we assume in the following that y > 0. Moreover, it is
important to recall that in (4.7) and (4.8) we have set G = F~L.

By construction Lw(z,y) — pw(z,y) = 0 for all (z,y) € W. Moreover, —awy(z,y) —
wy(z,y) + (x —c) = 0 for all (x,y) € S;. Also, —aw,(x,y) — wy(z,y) + (x — ¢) = 0 for all
(x,y) € Sg by employing (4.44) and (4.46), and observing that from (4.7) one has

—aA(F(x — a2))Y (x — az) — A'(F(z — a2))¥(z — az) + (r —az) —c= 0.
Hence, it is left to show that
(4.47) —awg(x,y) —wy(z,y) +r—c <0, V(z,y)eW,
(4.48) Lw(z,y) — pw(z,y) <0, V(r,y) €S=S1USy
In Step 1 below we prove that (4.47) holds, whereas the proof of (4.48) is separately performed
for S; and Sg in Step 2 and Step 3 respectively.

Step 1. Here we prove that (4.47) holds for any (z,y) € W. Notice that (4.7) gives

F(y) —c AV (F~(y))

(4:49) A0 = SFE ) T e E )
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Then, by using the first and the third equation of (4.38), and (4.49), we rewrite the left-hand
side of (4.47) (after rearranging terms) as

VE N y)e) o]
| =i V)
for any (x,y) € W. Here, we have defined

Qwaw:muﬂ@ﬂWWW@”—wmﬂ—q‘cwm+x—a

Fl(y) —c
Y(F(y))

(4.50) (@) +x—c=Qx, F'(y)),

¥(q) ¥(q)
for any (z,q) € R X [z, Zo]. Since Q(g,q) = 0, in order to have (4.47) it suffices to show that
one has (recall that (., xo| is the domain of F')

Qulz.q) >0, for amy z < g, for all g € (o0, 7o),

We prove this in the following.
Differentiating @) with respect to z, and using (4.27), gives
U(q) — (¢ — )Y'(q) [¢'(x)¥'(q)

) ] @
(4.51) Qu(2,q) = V") (q) — ¥'(q)? ¥(q) V)| —(a=o) Y(q)

Take x < 2o and ¢ = o, and recall that xo, > ¢ solves (o — ¢) = % Then, after

+ 1.

some simple algebra, we have
Y (2)
Y (2eo)
where the last inequality is due to the fact that z — " (z) is strictly increasing.
Moreover, we find

Qz(z,25) =1 > 0,

_ V' (z)
(4.52) Qz(z,20) =1 — (20 — ¢) >0, for any =z < x,
¥(20)
due to the fact that 29 > ¢ uniquely solves (xg — ¢)¢'(x0) — ¥ (x9) = 0 and = — 1 — (zg —
c) Jfégz)) < 0 is strictly decreasing.

By differentiating @, of (4.51) with respect to ¢ one obtains

V" (q) [(q — )" (q) — ¥(q)] —¥"(q) [(¢ — )¢ (q) — ¥'(q)]
(V" (@) (a) — v'(a)2)

(4.53)  Quqlx,q) = ®(z,q),

where we have introduced the function

(4.54) O(z,q) = ¢'(2)¢'(q) — " ()¢(q), for all (z,q) € R?,
that is such that
(4.55) Dy(z,q) = ¢ (2)Y"(q) =" (x)¢'(¢) >0, Va<yq,

since ¢’ /1" is decreasing due to Lemma 4.3 with k = 1.
By Corollary 4.6 we have that

(4.56) " (q) [(g— )Y (9) = ()] — 4" (q) [(g — )¥"(q) — ¢/ (q)] <0,

for all ¢ € [xo0, xo]. Hence, the term multiplying ® in the right-hand side of (4.53) is negative.
In light of (4.55), we know that ®(z,q) is increasing in ¢ for ¢ > x. We now have three
possible cases.
(a) If ® is such that ®(z,q) < 0 for all g € [xoo, xo], then by (4.56) (and noticing that the
function in (4.56) in fact appears in the numerator of Q),,) we must have Q.q(z,¢) > 0 for all
q € [Too, To), sO that

(4.57) 0 < Qu(z,2x0) < Qu(z,q) < Qu(x,20), forall ¢ € [ro0,x0], and z < x.
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(b) If ® is such that ®(z,q) > 0 for all ¢ € [xo, x|, then by (4.56) we must have Qu4(z, q) <
0 for all ¢ € [xo0, x0], SO that

(4.58) 0 < Qu(x,20) < Qu(,q) < Qu(x,25), forall g€ [xoo,x0], and z < 0.

(c) If @ is such that ®(x,q) <0 for all g € [xoo, q], Where § € [xoo, 20], and ®(z,q) > 0 for
all ¢ € [q, o], then by (4.56) we must have Q,q(x,q) > 0 for all ¢ € [z, q], and Quq(z,q) <0
for all ¢ € [g, zo], so that
(4.59) Qz(x,q) > min{Q(,x), Qu(x,20)} >0, for all ¢ € [x0,x0] and z < xoo.

From (4.57)-(4.59), we then conclude that (4.47) holds for any (z,y) € W such that z < .
Now, take = € (Zoo, zo] and let ¢ € [z, x¢]. For ¢ = z we find from (4.51) that

(4.60) Qz(z,z) =0.
Then, proceeding as above, from (4.52) and (4.60), we obtain that Q;(z,q) > 0 for all
z € (Too, o] With ¢ € [z, x).

Hence, in conclusion, Q. (x, F~1(y)) > 0 for all x < F~1(y) and y > 0, and (4.47) is then
established.

Step 2. Here, we show that (4.48) holds in S;. Setting

a—+ pc

p+0b’

by Lemma B.1 in Appendix B we have Z < ¢, with zg solving (zg — ¢)¢'(zg) — (x0) = 0
(cf. Lemma 4.4).

Now, let (z,y) € S be given and fixed. Thanks to the first and second equation in (4.39)
we have

xr =

Lw(z,y) — pw(z,y) = (a —bx)y — p|(z — )y — %aﬂ =: Q(,y).

Clearly Q(z,0) = 0. Also, since (z,y) € Sy is such that y < L(z — 29) and z > z¢, we have
@y(x,y) =a—br—plx—c)+apy<a—br—plxg—c)<a+pc—zxo(p+b) <0,
where the last inequality is due to zp > . Hence Lw(z,y) — pw(x,y) <0 on S;.
Step 3. Here we provide the proof of (4.48) in Sy, separately for the two cases: (i) a—bc <0

and (i) a — bc > 0, and different approaches are followed in these two cases (see also Remark
4.12 below).

(i) Assume a — be < 0. Let (7,y) € Sy be given and fixed, and recall that = > F~1(y) and
y > L(z — x0) for all (z,y) € S;. By employing (4.44) and (4.45), and observing that from
(4.3) one has
2

%A(F(a: —a2))Y"(x — az) + (a — b(z — az)) A(F(z — az))¢'(z — az)
(4.61)

~PAF@ =)o —az)|| =0,
we get
(4.62)

Lw(z,y) — pw(z,y) = [(a —bz)z — plx —c)z + %pozz2 —bazA(F(z — az))y (v — az)}

z=z(z,y)

Since z > 0, A > 0, and ¢’ > 0, one has that Lw(z,y) — pw(z,y) < @(:z:,y), where we have
set

~

Q(z,y) = {(a —bx)z —plx —c)z + %pazz}

z=2(z,y)
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Observe that @(F‘l(y),y) = 0 since z(F~Y(y),y) = 0 (cf. (4.36)). Hence, it suffices to
show that Q,(z,y) < 0 for all (z,y) € Se. Differentiating @ with respect to x gives

Qulw,y) = 2(a.)( = b= p+ paza(e,y)) + z(@,y) | (a = br) = ple = ).

Since z; > 0 and az, < 1 (cf. (4.40) and recall that F' < 0), and # > F~1(y) > 2, we
find

~

Qu(w,y) < zalay) [a+ pe = F7(y)(p +b)
< zolw,y)[a+ pe = zoolp+ )] = z(ay) (0 +b)(7 — a0c),

and clearly @gc(x, y) <0 if a — be < 0, since the latter implies T < ¢ < Zo.

This shows that Q < 0 on Sy, and therefore that w solves (4.48) in Sy if a — be < 0.

(7i) Assume that a — bc > 0. In this case, as discussed in Remark 4.12, we did not succeed
proving (4.48) by studying the sign of Lw — pw as done in (i) above. Therefore, we follow a
different approach which is based on that developed in the proof of Lemma 6.7 in [1]. Here
we just provide the main ideas, since most of the arguments follow from [].

Let (z,y) € WN'Sy be given and fixed, and consider an arbitrary z, > 0. From (4.35) we
find z(x + azo,y + 20) = 20, and employing the latter we have from (4.34), (4.44) and (4.45)
that

(4.63)

Lw(x + azo,y + 20) — pw(x + 2o,y + 2o)
1

= —abz, A(F ()¢ (z) + (a — b(z 4+ az0)) 20 — p((z + @20) — €) 20 + §paz§ =:U(2,).

Notice that U(0) = 0, hence to show negativity of U it suffices to prove that U’(z,) < 0 for
all z, > 0. We find

U'(z0) = —abA(F (2))¢' () — abzo + (a — b(x + az,)) — p(z + az, — ¢)
a—b(z+ az,)

(x4 az,) — ¢

(4.64) B ,
=b(z—c—aA(F(2))(z)) + (z+azo—c) |—(b+p) +

Y

after rearranging terms, and adding and substracting the term b(x — ¢) to obtain the second
equality above. Now, define the function

(4.65) k(@) = —(b+ p) + 20

x—c’
and notice that

12 T/J///(xoo)

K(@00) = (1 (50)) " (0 = b2o0)t) (T00) = (b+ P)Y () = — 3 o) - 0,
where we have used that x, solves o —c¢ = $,l,((z°o';)) for the first equality, and Lemma 4.3-(2)
with &k = 1 for the second equality. Moreover,
bc—a

/
K'(x) = @2 <0,
since a > bc, which then yields x(x) < 0 for all z > x+. From the monotonicity and the
negativity of x, and the fact that z, — (x + az, — ¢) is positive and increasing as * > r > ¢,
one obtains that z, — (x + az, — ¢)k(x + az,) is decreasing. Therefore, one has U’(z,) < 0
for all z, > 0 if U'(0+) < 0.

To prove that the right-derivative U’(0+) is negative, we now explain how to employ in our
setting the arguments of the proof of Lemma 6.7 in [1]. First of all, we discuss the standing
Assumption 2.2 in [1]. Conditions C2 and C3 are satisfied for f(z) =z —c¢. If a — be > 0,
then Condition C5 in Assumption 2.2 of [1] is satisfied for f(z) =2z —¢, 6 =0, B+ = p,
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opd = a, and S = b. Moreover, all the other requirements in Assumption 2.2 of [1] are not
needed in our case. Indeed, Condition C6 guarantees the existence and uniqueness of (in our
terminology) zp and z, that we already have by Lemma 4.4; Condition C4 only ensures a
growth condition on the value function that we have from Proposition 3.1, whereas, in our
setting, Condition C1 of [1] just means that the discount factor must be strictly positive.
Then, after reformulating our singular stochastic control problem as a calculus of variations
problem where one seeks for a decreasing C' function triggering a strategy of reflecting type
(see Section 4 in [1]), proceeding as in Section 5 of [1] (see in particular Theorem 5.6 therein),
one can prove that our free boundary F~! is a (one-sided) local maximizer of our performance
criterion (2.4). Hence, a contradiction argument as that in the proof of Lemma 6.7 in [1] also
applies in our case and yields that U’(0+) < 0. This completes the proof. O

Remark 4.12.

(1) As we have seen, the proof of (4.48) in S when a—bc > 0 requires a different analysis,
and here we try to explain why a more direct approach seems not to lead to the desired
result. Assuming a — bc > 0, if one aims at proving (4.48) by studying the sign of

Lw — pw in Se, given that z := z(x,y) > 0 for all (z,y) € S, one could try to prove
that (cf. (4.62))

L(z,y) :=a—bx —p(x —c) + %paz — baA(F(x — az))yY'(z — az)

is negative for any (x,y) € So. Calculations, employing (4.7) and the definition of A’
(cf. (4.29)), reveal that for any y > 0 one has L(F~'(y),y) = x(F~'(y)), where, for
any u € (Too, To|, we have set

— ~ (u — )y (u) — ¢'(u)

() = p+20)(@ =)+ bulu) [0 |

% < Zoo. By noticing that A(F(z — az))Y (z — az) = wy(x,y) — 2
in Sy (cf (4.44)), one has that L rewrites as L(z,y) = a — bz — p(z — ¢) + 2paz +
baz — bawy(x,y), and because az, < 1 by (4.40) and wy, > 0 by (4.45), it is easy to
see that Ly < 0 on Ss.

Hence, to prove that L < 0 on Sy it would suffice to show that x < 0 on (T, Zo].
However, we have not been able to prove this property due to the unhandy implicit
expression of the function v, even if a numerical investigation seems to confirm neg-
atiwity of x. For this technical reason in Step 3-(ii) of the proof of Theorem 4.11
we have hinged on arguments as those originally developed in [1] to address the case
a—bc > 0.

(2) It is also worth noticing that the calculus of variations approach of [1] would have not
been directly applicable for any choice of the parameters. Indeed, when a —be < 0, the
function K of (4.65) is increasing and therefore has not the monotonicity required in
Condition C5 of Assumption 2.2 of [1]. However, under such a parameters’ restriction,
direct calculations as those developed in Step 3-(i) of the proof of Proposition 4.11 lead
to the desired result. This fact suggests that a combined use of the calculus of variations
method and of the more standard direct study of the HJB equation could be successful
i complex situations where neither of the two methods seem to leed to the proof of
optimality of a candidate value function for any choice of the model’s parameters.

with T =

We conclude by showing that w of (4.34) identifies with the value function V. As a
byproduct we also provide an optimal extraction rule. We first need the following technical
result. Its proof follows by suitably adopting the classical result in [10], upon considering the
following joint process (X, () as a (degenerate) diffusion in R? with oblique reflection in the
direction (—a, —1) at the C*°-free boundary F' (see also [!], Remark 4.2).
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Lemma 4.13. Let (z,y) € R x (0,00), F be given as in (4.32), z := z(x,y) solving (4.35),
and let A = A(z,y) = yliayesy + 2li@y)es.y- Then there exists a (pathwise) unique
F-adapted continuous (X, (), with ¢ increasing, such that

Xe < F Ny — A=),
dX; = (a — bXt)dt + odW; — ad(,
dG = Lix,—p-1(y—a—¢))dG;
for any 0 <t <7¢, 7c:=inf{t > 0: (; >y — A}, and starting point (Xo, (o) = (x — @A, 0).

Theorem 4.14. Recall the functions F and w from (4.32) and (4.34), respectively. The
function w identifies with the value function V' from (2.3), and the optimal extraction strategy,
denoted by £*, is given by

A+ ¢, te0,7¢),
Y, t >,

(4.66) & = {

with §_ = 0, and with A, {, and 7¢ as in Lemma 4.13.

Proof. We aim at applying Theorem 3.2. We already know that w € C%1(R x [0,00)) is a
solution to the HJB equation (3.10) by Lemma 4.10 and Proposition 4.11, and that satisfies
w(z,0) = 0 for all z € R. Moreover, the function w is increasing with respect to y. To see
that, notice that one has from (4.29) that A’(y) > 0, for y > 0 (since the denominator of (4.29)
is positive by Lemma 4.3-(3) and the numerator is positive as well due to F~1(y) > z), and
this gives wy, > 0 on W and on Sy (cf. (4.38) and (4.46)). Also, one can easily check from
(4.39) that w, > 0 on S; because y < (x — )/ and zg > c.

To prove the upper bound in (3.13), recall that (cf. (4.27))

Ay — @ =P — )

af!(F~H(y))? =" (F ) (F )] 7

Since xg > F~1(y) > x for any y > 0, by using that 1, ¥’ and " are continuous we have

that there exists a constant K > 0 such that A(y) < K for all y > 0. Hence, by (4.34) we

have w(z,y) < KyY(F~1(y)) < Ki(xg) for all (z,y) € W. Moreover, 0 < z(z,y) < y for all

(z,y) € Sp and thus (z —c)z — 1oz < (2 — ¢)z < (¥ — ¢)y. Since the upper bound in (3.13) is
clearly satisfied in S;, we conclude that there exists a constant K > 0 such that

w(z,y) < Ky(1+y)(1+|z|) for all (z,y) € R x (0,00).

As for the nonnegativity of w, notice that for all (z,y) € S; we have

1 1 Too —C Xo—C
W(fﬂ,y)=($—0)y—§ay2Zy[w—c—§(w—wo)]Zy[ =+t 120,
since y < #_H0, x > F~Yy) > 2o and 29 > 2o > ¢. Moreover, the nonnegativity of ¢ and

A imply
w(z,y) >0, forall (z,y) € W,

and also, given (z,y) € S9, we have
1 z z
w(z,y) = A(F(z—a2)Y(x—az)+(r—c)z— 50422 > / (x —ou—c)du > / (oo —c)du >0,
0 0
since 0 < z < % and zo, > ¢. Therefore w > 0 on R x [0, 00).

Now, since £* satisfies (3.14) and (3.15), by Theorem 3.2 we therefore conclude that w
identifies with V', and that £* is an optimal extraction strategy. O
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FIGURE 2. A graphical illustration of the optimal extraction rule £* (cf. (4.66))
and of the free boundary F'. The plot has been obtained by using a = 0.4, 0 =
08,p =3/8,¢c=03,b=1,a = 0.25, and by numerically evaluating the
free boundary of (4.32). The optimal extraction rule prescribes the following.
In the region {(z,y) € R x (0,00) : y < F(x)} it is optimal not to extract.
If at initial time (x,%) is such that z > F~!(y) and y < (z — x¢)/c, then
the reservoir should be immediately depleted. On the other hand, if (z,y) is
such that > F~'(y) and y > (z — x0)/c, then one should make a lump
sum extraction of suitable size z(z,y), and then keep on extracting until the
commodity is exhausted by just preventing the (optimally controlled) process
(X,Y) to leave the region {(z,y) € R x (0,00) : y < F(x)}.

25

4.2.1. A Related Optimal Stopping Problem. In this section we show that the directional de-
rivative u := oV, + V), identifies with the value function of an optimal stopping problem. Such
a result is consistent with that obtained - for a different model with Brownian dynamics - in
[21], where connections between finite-fuel singular stochastic control problems and questions
of optimal stopping have been studied.

Proposition 4.15. The function u : R x [0,00) — R defined by

u(@,y) = aVe(z,y) + Vy(z,y)

admits the probabilistic representation

(4.67)

u(z,y) =supE|e™ "™ (X7 —c) - /T e PabA(y)Y'(X{)ds|, (z,y) € R x [0,00),
0

>0



26 FERRARI, KOCH

where the optimization is taken over the set of F-stopping times. Moreover, for F' as in (4.32),
we have that the stopping time
™(x;y) =inf{t>0: X7 >F 1(y)}, (x,9) €Rx[0,00),
is optimal in (4.67).
Proof. For the rest of this proof, y € [0,00) will be given and fixed. Notice that u(-,y) €

C*(R) by construction (cf. (4.7) and (4.8)). Moreover, direct calculations on (4.34) show that
Uz (-, y) € LS (R). We now show that u(-,y) solves the HJB equation

(4.68) max {Lw(z) — pw(z) — abA(y)Y'(z), x — c — w(:v)} =0, aezelR

Recall the selling region S and the waiting region W. Let 2 € R be such that (z,y) € W,
and notice that by (4.34) we have

Va(z,y) = A)¢' (), and Vy(z,y) = A'(y)¢(x).
Then, since u = oV, +V,,
Lu(z,y) — pulz,y) — abA(y)w’(fc)
:502 (@A(y)" (z) + A (y)" (z)) + (a — bz) (@ A(y)Y" (z) + A (y)¥' (z))
— (p+b)aA(y)y(z) - pA'( )¢ ()
=aA(y) (LY (z) — (p+ D)9/ (x)) + A'(y) (Lb(x) — pib(z)) =
upon using that 1) satisfies Lemma 4.3-(2) with k = 0, 1.

Now, let € R be such that (z,y) € S, so that u(z,y) = z — ¢ (recall (4.5)). If (z,y) € S;
then x > z, and using that abA(y)y’'(z) > 0 we obtain

Lu(z,y) — pu(w,y) — abA(y)¢'(z) = (a — bx) — p(z — ) — abA(y)¢/'(z)
<a—(p+bzx+pc=(p+b)(z—z)<0,
since xg > T by Lemma B.1 in Appendix B.

On the other hand, let € R be such that (z,y) € Sg, set H(z,y) := Lu(x,y) — pu(z,y) —
abA(y)y'(x), and notice that
O0H (z,y) y)
Ox
due to the positivity of A and v”. Thus, in order to prove that Lu(x,y) — pu(z,y) —
abA(y)' (x) < 0 for all (z,y) € Ss, it is enough to prove that H(F~'(y),y) < 0. Set
u := F~1(y); then, upon employing the definition of A (cf. (4.27)), we obtain
-1
H(u,y) = ((w)e (u) = ¢/ (u)*) " %
« [(@ = bu— plu = €)) ()" () — ' (0)?) + ot — Y/ () = b ()|

o2 1

=T (0w (w) — o (w)?) " x

x [W(u) [(u— )t (w) = ¥(u)] — 9" (u) [(u—)p"(u) — ' (u)] ] <0,

where we have applied Lemma 4.3-(2) with £ = 0 and k& = 1 for the last equality, and the
last inequality follows from Corollary 4.6 since zo, < u < z9. Hence, Lu(x,y) — pu(z,y) —
abA(y)Y'(x) <0 on Ss.

Finally, from Proposition 4.11 we have x — ¢ — u(z,y) < 0 for any x € R.

The previous inequalities show that u(-,y) identifies with a W/ZZO’SO(R)—solution to (4.68).
Then, a standard verification theorem based on an application of (a generalized version of)

—(p+1) — abA(y)y"(x) <0,
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Itd’s formula, implies that u(-,y) admits representation (4.67) and that the stopping time
™(z;y) = inf{t > 0: X7 > F~!(y)} attains the supremum. O

Remark 4.16. A few comments are worth being done.

1. With regard to the connection between problems of singular stochastic control and
questions of optimal stopping (see, e.g., [L1], [12], [19], and [21] as early contributions,
and the introduction of the recent [9] for a richer literature review), we can interpret
the stopping time 7*(xz;y) as the optimal time at which an additional unit of the
commodity should be extracted. Indeed, the underlying process at that time is such
that, in economic terms, equality between the marginal expected optimal profit (i.e.
aVy +V,) and the marginal instantaneous net profit from extraction (i.e. x —c) holds.

2. If we do not consider price impact in our model (i.e. we take a = 0), it can be easily
seen that the value function of the resulting optimal extraction problem V is such that

Vy(e,y) = supE|e ™ (X2 — )|,
7>0
a result that is clearly consistent with (4.67). The integral term

- /T e PabA(y)y' (XT)ds
0

appearing in (4.67) can then be seen as a running cost/penalty whose effect increases
with increasing price impact .

3. It can be checked that the arguments of the proof of Proposition 4.15 carry over also to
the case of a fundamental price given by a drifted Brownian motion, i.e. when b =0
(cf. Section 4.1). As one would expect by setting b = 0 in the right-hand side of (4.67),
in such a case it holds

aVy(z,y) + Vy(z,y) =supE|e " (XF —¢) ],
>0
so that the stopping problem related to the optimal extraction problem does not depend
on the current level of the reservoir y. This explains why, in in the drifted Brown-
ian motion case studied in Section 4.1, the free boundary x* triggering the optimal
extraction rule is y-independent.

5. COMPARATIVE STATICS ANALYSIS

In this section, we study the sensitivity of the solution to the extraction problem separately
for the case of a fundamental price given by a drifted Brownian motion (Section 5.1) and by
an Ornstein-Uhlenbeck process (Section 5.2). In particular, in Section 5.1 we analytically
determine the dependency of the free boundary z* of (4.13) and of the value function (4.14)
on the parameters a and o. In Section 5.2 we study analytically how the value function (4.34)
and the critical price levels g and z, from Lemma 4.5 depend on @ and ¢, and, numerically,
the sensitivity of the free boundary F' with respect to a, o and b.

5.1. Sensitivity Analysis in the Case of a Drifted Brownian Motion Fundamental
Price. Here we assume b = 0 in (2.2). Thanks to the explicit formula (4.13), studying the
sensitivity of the free boundary x* with respect to the parameters a and ¢ is a simple exercise
of differentiation.

Proposition 5.1. The free boundary z* of (4.13) is increasing with respect to both a and o.

Proof. We look at the parameter n of (4.11) as a function of @ and o; that is, we set

a a\?2 p
n(a,o) ::_ﬁ+ (;) —|—2§.
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Then, it is not hard to find by direct calculations that

(5.1) ng(a,0) = — | ——m—=—-0"|,

and
2
2 =tp
2 sa0)==la-—2 0
(5.2) ne(a, o) 5| -
() +22

Clearly, if a < 0 one has n, < 0 and n, < 0. Then, suppose a > 0 and notice that

p _ a a2 p _a p
5.3 o f > 4 dw“7>27<f L
(5.3) o2 = g2 o2 +02_02+a

where the second mequahty above follows by an application of the binomial formula. By using
the first inequality of (5.3) in (5.1), and the second inequality of (5.3) in (5.2), one easily finds
that nq(a, o) <0, as well as ny(a, o) < 0.

Finally, the claim follows since x* is decreasing with respect to n (cf. (4.11)). O

Proposition 5.2. The value function V' defined in (2.3) is increasing with respect to a and
0.

Proof. Let a > a and & > 0. We show the monotonicity with respect to a and o separately
in two steps.

Step 1. Let (x,y) € R x (0,00) be given and fixed. For any ¢ € A(y), we denote by )?fﬁ
the solution to (2.2) when b = 0 and the drift is a. One clearly has X;/** > X™* P-a.s. for
any t > 0. Therefore j(ac,y,f) > J(x,y,§) for any € € A(y), where J is given by (2.4) with
underlying state ()/(> =& Y¥£). Hence, we conclude

V(z,y) > Via,y), Y(z,y)€Rx[0,00),

where ‘A/(:c, y) = SUDPge A(y) j(ﬂf; Y, f)-

Step 2. To prove the monotonicity of V' with respect to ¢ we adapt to our setting ideas
from Theorem 4 in [2]. Let V be the value function when the volatility coefficient in (2.2) is
&. Recall £ as in (3.9), and let £ be as in (3.9) but with volatility coefficient &. Then, for all
(xz,y) € R x (0,00) we have

s - 6 . . (02— 6%)
LV (z,y) — pV(z,y) = 34/(%y)+aVA%y)—thmy)+ Vee(Z,9)
o4 o (P (02—

since V (-, y) is convex by the second equations in (4.17) and (4.19), and the second equation
of (4.21). Furthermore, since V' is the value function of the optimal extraction problem when
in (2.2) the volatility is &, V must satisfy

(5.5) —aV,(z,y) — ?y(x,y) +(x—¢) <0,
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for all (z,y) € R x (0,00), and ‘A/(x, 0) = 0 for all z € R. Now, arguing as in the first step of
the proof of Theorem 3.2, by using (5.4) and (5.5), we obtain V' > V| and thus the claimed
monotonicity. O

Propositions 5.1 and 5.2 show that the higher the level of the drift a is, and hence the higher
the expected prices are, the later the company starts extracting in order to obtain larger
profits. Moreover, higher uncertainty, and hence larger price’s fluctuations, are exploited by
the company that then sells the commodity at higher prices and increases the resulting profits.

5.2. Sensitivity Analysis in the Case of an Ornstein-Uhlenbeck Fundamental Price.
We start by studying the sensitivity of 29 and z~ (cf. Lemma 4.5) on the model parameters a
and o. In the following, when needed, we write g(-; a, o) in order to emphasize the dependency
of a given real-valued function g with respect to a and o.

Recall that the fundamental increasing solution to the equation (£ — p)u = 0 is given by
(4.25) (see also (4.26)). In the following, when needed, we denote by ¥*)(z;a,0) the k—th
derivative with respect to x of 1. By an application of the dominated convergence theorem
one obtains the relation

(k)

(5.6) 8? (z;:0,0) = ¥ (z;a,0) = —%w(kﬂ)(x; a,o), forall ke NU{0}.
a

Analogously, one finds

(k)
(5.7) %(x;a, o) =i (w;0,0) = (

for all k € NU {0}

By employing (5.6), and Lemma 4.3, one can easily prove the next result.

a—bx

k
(k+1) (.. _ Mo (R) (e
- )w (w:,0) = ~v(z:0,0),

Lemma 5.3. One has that

W™ (z;a,0) [o* D (z;0,0))  o®)(z5a,0)0* D (z;a0,0) — pFH) (250, 0)?

(58) da B by k1) (25 a, 0)2

> 0,

The proof of the next result can be found in Appendix A. It employs (5.7).

Lemma 5.4. One has that
(5.9)
O W (x;a,0) /" (z;a,0))
do
(a = bx) [TV (250, 0)? — ¥ (250, 0)p ¥ (250, 0)] + b * D (20, 0)9 W (25 0, 0)

- bop k1) (5 a, 0)2 >0

The previous results on the dependency of v /1, with respect to a and o (i.e. (5.8) and
(5.9)) allow us to determine the dependency of xy and = on a and o as well. One may
intuitively expect that the company exploits a higher mean reversion level, and thus sells the
commodity at higher prices. As an indication of this, we indeed find that zg, o, and the
value function V increase as a increases.

In the following we denote by xg, oo the unique solutions on (¢, o0) to (z — ¢).(x;a,0) —
Y(x;a,0) =0 and (x — )V (x5 a,0) — g (x;a,0) = 0, respectively. Also, V(z,y) denotes the
value function when in (2.2) the mean-reversion level is a/b and the volatility is o.

Proposition 5.5. Let ¢ > a, and denote by &y and T the unique solutions on (c,c0) to
(x — )Yg(x;a,0) — P(x;a,0) = 0 and (x — ¢)Ygz(x;a,0) — Yg(x;a,0) = 0, respectively.
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Furthermore, we denote by XA/(m,y), (z,y) € R x [0,00), the value function when in (2.2) the
mean-reversion level is a/b and the volatility is o. We have

To>x9 and Too > Too,

and

(5.10) V(z,y) > V(z,y), Y(z,y)€Rx[0,00).
Proof. For any given ¢ € R and o > 0, set H(x;q,0) := (x — ¢)p(x;q,0) — ¥(x5q9,0), x € R.
We have H,(x;q,0) > 0 for all z > ¢. Moreover,
w(jj(b &7 U)
% (io; da G)
where we have used that H(Zo;a,0) = 0 for the first equality, and Lemma 5.3 with & = 0 for
the inequality. Thus, by monotonicity of H(-;¢,0) on (¢,00), we have &y > xo. Analogously,
we can prove that o, > To by employing Lemma 5.3 with £ = 1.

In order to prove (5.10), we can proceed in the same way as in Step 1 of the proof of
Proposition 5.2. O

H(io;a,a) = ¢x(§:0;aa J) - 1/’(@0;@, 0) >0= H(I’O;CL,O'),

The next proposition shows that the critical price levels zg and z., increase as the price’s
fluctuations become larger.

Proposition 5.6. Let 6 > o, and denote by Ty and & the unique solutions on (c,00) to
(x — )Yp(x;a,0) — Y(x;a,6) = 0 and (x — ¢)Ype(w50,6) — Ye(50,6) = 0, respectively.
Furthermore, denote by V the value function when in (2.2) the mean-reversion level is a/b
and the volatility is 6. We have

Tog>x9 and Lo > Too,

and

~

(5.11) V(z,y) > V(z,y), V(z,y) e RxR,.

Proof. For any given ¢ > 0 and a € R, set H(z;a,q) := (x — c)Yz(x;a,q) — P(z;a,q), v € R.
We have H,(x;a,q) > 0 for all z > ¢. Moreover, using that H(%y;a,5) = 0 we have
H(-%Ov a, U) = W¢x(£’07 a, U) - "/}(‘%07 a, U) >0= H(J}Oa a, U)a

where the inequality is due to Lemma 5.4 with & = 0. Since H(-;a,q) is increasing for all
x > ¢ we have Ty > xg. Analogously, we can prove that Zo, > o, by Lemma 5.4 with k = 1.

To prove (5.11) we can use the arguments employed in Step 2 of the proof of Proposition
5.2, upon noticing that V(-,y) is convex by the second equations in (4.38) and (4.39), and
(4.45) (recall that A is positive and 1) is convex). O

The semi-explicit nature of our results allows us to easily study numerically the dependency
of the free boundary F' with respect to a. This is shown in Figure 3. We see that F' increases as
a increases: the higher the level of mean reversion is, the later the company starts extracting
in order to obtain larger profits.

Figure 4 shows the dependency of the curve z — F(z) with respect to 0. We see that the
whole curve F' increases as o increases. We thus conclude that higher uncertainty, and hence
higher fluctuations around the mean-reversion level, are exploited by the company which then
sells the commodity at higher prices and increases its profits.

In Figure 5, we can observe the sensitivity of the free boundary F with respect to b.
Differently to what it is happening when increasing ¢ and a, now the whole curve F' increases
as b decreases, and in fact, as b | 0, it converges to x*, which is the free boundary in the case
b = 0 (i.e. related to the drifted Brownian motion case). This fact might be interpreted by
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price z

FIGURE 3. A drawing of the free boundary =z +— F(x) forb=1,0 =0.8, p =

3/8, ¢ = 0.3, o = 0.25 and various values for a: a = 0.4 (green), a = 0.5 (blue),
a=0.6 (red), and a = 0.7 (yellow).

10 \

reservoir’s level y
(6]
T
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price x

FIGURE 4. A drawing of the free boundary x — F(x) for a =0.4,b=1, p =
3/8, ¢ = 0.3, @ = 0.25 and various values for the volatility: ¢ = 0.8 (green),
o =0.9 (blue), 0 =1 (red), and o = 1.1 (yellow).
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price x

FIGURE 5. A drawing of the free boundary = — F'(z) fora =04, 0 = 0.8, p =
3/8, ¢ = 0.3, « = 0.25 and various values for the mean reversion speed: b = 1
(green), b = 0.25 (blue), b = 0.125 (red), and b = 0.05 (yellow).

saying that, if a > 0, a lower value of b leads the company to wait more since it expects to be
able to sell the commodity at higher prices in the future.

APPENDIX A. PROOFS OF RESULTS FROM SECTIONS 4.2 AND 5.2

Proof of Lemma 4.3.

(1) We refer the reader to [15], among others. Moreover, the strict convexity of ¢ can be
checked by direct calculations on (4.25).
(2) Define the function f: Ry x R — R4 by

(1) e v

I

F2) = 55

b
that, once differentiated with respect to x, yields

folt:7) = Akl 1+b t(pTM_l)e_éth(b%a)\/?b.
bo T(57)

Notice that f is the integrand appearing in (4.26) for § = —£. Then, differentiating
(4.25) with respect to x, and invoking the dominated convergence theorem, we obtain

(bzfa)2 —
W(x) o 5 Dm(— bmgb“mb),
b

upon noticing that f, (¢, x) is the integrand of D ,4s ( — I”;f;“/%) (cf. (4.26)).
b

Hence, ¢ can be identified (modulo a constant) as the positive strictly increasing
fundamental solution to (£L—(p+0b))u = 0, and by direct calculations it can be checked
that it is strictly convex. By iterating the previous argument, we see that, for any
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k € N, the function ¢*) is strictly convex and identifies with the positive strictly
increasing fundamental solution to (£ — (p + kb))u = 0.
(3) We define the function f*) : R, x R — Ry by

(V2b/o)?

T(§)2

w\a~

10, 2) = 3 (B4im) =g (0550) Va0

By direct calculations, we find
P (1) —/ FE2 (4 ) f R0 (¢, z)dt, x € R,
0

that, by the help of Holder’s inequality (which is strict as f (k)(~, x) is not a multiple
of f(k+2)('7 .le)), gives

2
(/ f(k+2)(t’ x)f(k)(t,x)dt> </ (f(k+2)(t,$))2dt/ (f(k)(t,:c))th.
0 0 0

The latter is in fact equivalent to

'l,b k+2)( )¢(k ( ) w(k+1)(x)2 > 0.

Proof of Lemma 4.4.
Let k € NU {0} be given and fixed, and define A(z) := (z — ¢)p**+D(z) — p®) (), z € R.
We then have the following.
(i) For x < ¢, it is readily seen that A(x) < 0.
(ii) One has A(x) > 0 for all x > ¢+ w((c)). To see this, rewrite A(z) = »*)(z) [(z —
c) 15)'((;:)) — 1], and notice that by Lemma 4.3

( )) V(@) (z) — (' (2)?
x)
(c)

(Y ())?
Hence, for all z > c+ 00) > ¢ one has that

> 0.

Vi) o

C )), which implies

¥(z)
¥'(e)
¥(e)
for all z > c+ w((c)) The latter clearly gives A(x) > 0 for all x > ¢+ f,((cc)).

Y 1> (z—0)

—1>0,

Since A'(z) = (x — ¢)yp**2)(z) > 0 for all > ¢, we conclude from (i) and (ii) that there
exists a unique solution on (¢, c0) to the equation A(z) = 0 by continuity of A.

Proof of Lemma 4.5.

We argue by contradiction, and we suppose £~ > xg. Then by definition of g and x~, we
have

Plao)  ¥(rw)
V(@) ()

(A-1) To— Too = (ko —¢) — (Too — €) =

Since by Lemma 4.3

<¢(fﬂ) )/ _ (@) — ()¢ (@)
P! () P'(x)?

<0, for any z € R,
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we have by (A-1) that

¢(x00) . Qp,(xm)
Z P(am) | Y (5e0)

again due to Lemma 4.3. But this contradicts zo, > xp.

To — Too >0,

Proof of Lemma 4.9.

First of all notice that for the existence of a solution z to (4.35) it is necessary that y—z > 0
since F' > 0, and that z —az € (2o, 0] since the domain of F'is (2, xo]. Hence, if a solution
to (4.35) exists, it must be such that z(x,y) € (¥57, === Ay], for all (z,y) € Ss.

Let (z,y) € Sy with y > F(x) be given and fixed, and define R(z) =y — 2z — F(x — az), for
z € (¥, %2 Ny). Then, one has R(0) = y — F(x) > 0 and v lim )R(z) < 0. Since

A=y
z — R(z) is strictly decreasing (by strict monotonicity of F') it follows that there exists a
unique solution to (4.35).

Finally, (4.36) follows by noticing that 0 solves (4.35) when y = F'(z) and by uniqueness of

the solution. Analogously, (4.37) follows by noticing that *—* uniquely solves (4.35), since

Proof of Lemma 5.4.

The first equality in (5.9) follows from (5.7). In order to prove the last inequality in (5.9),
we find by Lemma 4.3-(2) that

2
(A2) S (a0,0) + (a— b} D (w50, 0) = (o + kb)$ P (230,0) = 0.

From (A-2), recalling that ¥*+1 > 0, we obtain

o (250, 0)
29k (25 0, 0)

v ®) (250, 0)
YEH) (z30,0)

(a —bx) = + (p+ kb)

and we thus have

(a = b2) [0 "D (@30,0)2 = v (23.0,0)64 (210, 0) | + b0 (@30,0)060 (210, 0)

(k+2) (...
=(p+ (k+ 1))y (230,009 D (@30,0) = (p + kb)y® (3.0, afW
02¢(k+2) (33; a,U)

T 200D (254, 0)

00 (@:0,0)642 (@, a,0) = v 5D (@30, 0)?]

J/

>0by Lemma 4.3
¥ (z;0,0)

TP (:a,0)

[(p + (k+ 1)b)1/}<k+1)(a:; a, 0)2 —(p+ kb)w(k) (z,a, J)¢<k+2)(x; a,o)|.

We now aim at establishing that the last term on the right-hand side of the latter equation
W™ (z;a,0) /p* D (w5a,0)) >0

Jdo

is positive. With regard to (5.9), this would clearly imply that
From (A-2) we have

2
(p+ (b + DD (@30,0) = T (w50,0) + (0 — b)) (35,0,
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which then yields
¥ (z;a,0)
) (25a,0)
YW (;0) {02

m ?1?(“3)(353Gﬂ)w(k“)(lf;a, o)

+ 40 (30,0 ((a = b)) (@30,0) = (p + kD)6 P (330, 0)) |

~o? YW(a;0)
2 (250, 0)
where the last equality follows again by an application of (A-2), and the last inequality by
W™ (za,0) [+ (25a,0))

do

[0+ (6 DB+ 0,002 — (o + kDY (10,005 250, 0)]

04 (@0, 0)0 0D (230,0) = ) (@50,0)7] >0,

Lemma 4.3. Hence > 0 and the proof is completed.

APPENDIX B. AN AUXILIARY RESULT

Lemma B.1. Let z¢ be the solution to (4.28) and

_ a+ pc
B-1 = .
(B-1) =
We have
T < xg.
Proof. Define H(z) := (x — ¢)y'(x) — ¢ (z), x € R. Since 1) satisfies
2
%1/)”(33) + (a — b)Y (z) — pp(x) =0, forall x € R,
and %21/)”(36) > 0, we find —(z) < —@@Z),(.ﬁ?), Vz € R. Thus, we have
(a — bT) Y (z)

H(z) < (7= 0/ (7) = = =29/(2) = |7 = e)p = (a = b2)| = = =0,
by the definition of Z. Since H(zo) = 0, H(z) < 0 for all z < z9 and H(z) > 0 for all x > =,
it must necessarily be z < xg. O
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