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Abstract

This paper examines the competitive firm that has to make its production and hedging
decisions under correlated price and background risks. The background risk can be
either financial or non-financial, which is accommodated by using a bivariate utility
function. The separation theorem is shown to hold in that the firm’s optimal output level
depends neither on the firm’s bivariate utility function nor on the joint distribution of
the price and background risks. We derive necessary and sufficient conditions under
which the firm optimally opts for an over-hedge (under-hedge). We further derive
necessary and sufficient conditions under which hedging has positive (negative) effect
on the firm’s optimal output level. These conditions are shown to be related to the
concept of expectation dependence and bivariate preferences that include correlation
aversion (correlation loving) and cross-prudence (cross-imprudence).

Keywords Background risk - Forward hedging - Production

JEL Classifications D21 - D81 - G13

1 Introduction

Since the seminal work of Sandmo (1971), the theory of the competitive firm under
price uncertainty has been extensively studied. One important strand of this literature
is on the behavior of the firm when forward trading is allowed (Danthine 1978; Feder
et al. 1980; Holthausen 1979), from which two notable results emanate. First, the
separation theorem states that the firm’s production decision depends neither on the
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firm’s preferences nor on the underlying price distribution. Second, the full-hedging
theorem states that the firm should completely eliminate its exposure to the price risk
by adopting a full-hedge if the forward price is unbiased.’

Wong (2014) examines the robustness of the separation and full-hedging theorems
when there are other sources of uncertainty that are aggregated into an additive and/or
multiplicative background risk embedded in the firm’s profit. The background risk as
such is financial (risky investment income or random fixed costs) and is not necessarily
independent of the price risk. Wong (2014) shows that the separation theorem is robust
to the introduction of the correlated background risk, whereas the full-hedging theorem
holds in the special case that the background risk is independent of the price risk. In
the general case that the background risk is correlated with the price risk, Wong (2014)
shows that the concept of expectation dependence (Wright 1987) plays a pivotal role
in determining the firm’s optimal forward position.

The purpose of this paper is to extend the model of Wong (2014) to the case
wherein the background risk is allowed to be non-financial. A prominent example
of non-financial background risk is political risk, which represents the uncertainty
arising from government policies and actions that can have profound impacts on cor-
porations.? The term ‘political risk’ covers a variety of issues ranging from the threat
of political violence to geopolitical tensions and exchange controls.> Recent events of
the global rise in protectionism and policy uncertainty in response to nationalist sen-
timents and economic security considerations, coupled with some immediate policy
actions to tackle the COVID-19 pandemic, present new challenges that trigger great
concerns around political risk. Another example of non-financial background risk is
environmental risk that is associated with causing harm or damage to the environ-
ment. This is often related to a firm’s core business. Certain industries, such as energy,
are more likely than others to be subject to environmental litigation and regulatory
intervention because of their potentially harmful impacts on the environment.*

To accommodate the non-financial nature of background risk, we use a bivariate
utility function, u (s, z), that defines over the firm’s profit, 7, and its exposure to the
background risk, z. The firm is said to be correlation averse (correlation loving) if
9%u(m, 2) /0mdz < (>) 0 and cross-prudent (cross-imprudent) in the background risk
ifd3u(m, z)/9mw%9z > (<) 0 (Eeckhoudtetal. 2007). Correlation aversion (correlation
loving) is characterized by preferences for combining good with bad (good with good
or bad with bad), where the bad is a sure reduction in both the profit and the realization

! The full-hedging theorem is analogous to a well-known result in the insurance literature that a risk-averse
individual fully insures at an actuarially fair price (Mossin 1968).

2 The term ‘political risk” is commonly used by the political risk insurance industry that offers a wide range
of insurance products for non-commercial risks.

3 Based on computation linguistics, Hassan et al. (2019) develop a novel measure of firm-level political
risk that is calculated as the share of a given firm’s quarterly earnings conference calls devoted to political
risk.

4 Lu et al. (2021) propose to measure environmental risk at the industry level based on the Fama-French
48 industry classification that captures the characteristics of a firm’s operations and inherent risks.

@ Springer



Production and hedging 243

of the background risk that lower the firm’s utility (Eeckhoudt et al. 2007; Jokung
2011).3

We first show that the separation theorem holds in that the firm’s optimal output
level depends neither on the firm’s bivariate utility function nor on the joint distribution
of the price and background risks. Since the firm can always sell the last unit of its
output forward, the marginal revenue is locked in at the predetermined forward price.
As such, the usual optimality condition applies in that the marginal cost of production
is equated to the known marginal revenue, which determines the firm’s optimal output
level.

We then derive necessary and sufficient conditions under which the firm optimally
opts for an over-hedge (under-hedge). The full-hedging theorem holds if the back-
ground risk is independent of the price risk. When the firm is correlation averse
(correlation loving), we show that the firm dislikes positive (negative) exposure to
the residual price risk in the presence of the background risk if the two risks are pos-
itively expectation dependent. This gives rise to an additional hedging motive that
induces the firm to sell more (less) of its output forward than a full-hedge so as to
reduce the correlation risk, which complement the results of Wong (2014).

Finally, we examine the effect of hedging on the firm’s optimal production decision.
When financial hedging by means of trading its output forward is not possible, the firm
uses operational hedging to simultaneously manage its exposure to the price risk and
that to the background risk. We derive necessary and sufficient conditions under which
the firm optimally produces less (more) when the firm is prohibited from trading its
output forward. In the special case wherein the background risk is independent of the
price risk, we show that the opportunity to hedge induces the risk-averse firm to raise
its optimal output level if the predetermined forward price is not below the expected
price, thereby rendering the well-known result of Holthausen (1979) that hedging has
positive effect on output.

Given that the price risk is positively expectation dependent on the background risk,
we show that the firm that is correlation averse (correlation loving) and cross-prudent
(cross-imprudent) in the background risk has incentives to produce less (more) when
the firm is prohibited from trading its output forward. Correlation aversion (correlation
loving) implies that the firm finds it painful to face positive (negative) exposure to the
residual price risk in the presence of the background risk. The correlation-averse
(correlation-loving) firm as such is induced to produce less (more) than the optimal
level when hedging is allowed, leading to a reduction in the firm’s profit. Cross-
prudence (Cross-imprudence) in the background risk implies that the firm finds it more
painful to face positive (negative) exposure to the residual price risk in the presence of
the background risk when the firm suffers a sure loss. Since the firm earns less when
its output is deviated from the optimal level when hedging is allowed, cross-prudence
(cross-imprudence) in the background risk further strengthens the firm’s incentive to
reduce (raise) its output when the firm is prohibited from trading its output forward.

5 Both correlation aversion and correlation loving are supported by the empirical evidence in the literature on
health economics (Finkelstein et al. 2009). Viscusi and Evans (1990) and Sloan et al. (1998) find support for
correlation loving in the case of major injuries, while Evans and Viscusi (1991) find support for correlation
aversion in the case of minor injuries (see also Edwards 2008).
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The rest of this paper is organized as follows. Section 2 delineates the model of the
competitive firm under correlated price and background risks. The firm can hedge the
price risk by trading its output forward in the presence of the background risk. Section
3 examines the firm’s optimal production and hedging decisions. The separation the-
orem is shown to hold and the optimality conditions for an over-hedge (nuder-hedge)
are characterized. Section 4 examines how hedging affects the firm’s optimal produc-
tion decision. Necessary and sufficient conditions under which hedging has positive
(negative) effect on output are derived. Section 5 concludes.

2 The model

Consider the competitive firm under price uncertainty a la Sandmo (1971). There is
one period with two dates, 0 and 1. The firm produces a single commodity according
to a deterministic cost function, c(g), where g > 0 is the output level endogenously
chosen by the firm at date 0 and c(g) is compounded to date 1. We assume that the
cost function, c(q), satisfies that ¢(0) = ¢’(0) = 0, and ¢’(¢) > 0 and ¢"(g) > 0 for
allg > 0.°

At date 1, the firm sells its output in entirety at the prevailing per-unit price, p,
which is a positive random variable not known ex ante.” Besides the price risk, p,
the firm faces other sources of risk that are aggregated into a single random variable,
Z. We refer to 7 as the background risk that can be either financial (risky investment
income or random fixed costs) or non-financial (political risk or environmental risk).

The two risks, p and Z, are jointly distributed according to a known cumulative
distribution function (cdf), F'(p, z), over support [p, p] x [z,Z], where 0 < p < p
and 0 < z < z. We use f(p,z) to denote the probability density function (pdf)
of p and 7. Let E[-] be the expectation operator with respect to F'(p, z) and E[-|A]
be the corresponding expectation operator conditional on the occurrence of event A.
We denote the marginal cdf and pdf of p by F,(p) and f,(p), respectively. Similar
notation applies to Z.

While the background risk, z, is neither hedgeable nor insurable, the firm can hedge
the price risk, p, by selling (purchasing if negative) / units of its output forward at a
predetermined forward price, p/ € (p, ), per unit at date 0. The firm’s profit at date
1 is given by N

7(p) = pq — c(q) + (p! — p)h, (1)

where (p/ — p)h is the gain (loss if negative) from forward trading. We refer to &
as the firm’s forward position, which is said to be an under-hedge, a full-hedge, or
an over-hedge, depending on whether 4 is smaller than, equal to, or greater than the
firm’s output level, ¢, respectively.

The firm possesses a bivariate von Neumann—Morgenstern utility function, u (7, z),
defined over its profit at date 1, 7, and the realization of the background risk, z.

6 The strict convexity of ¢(q) is driven by the firm’s production technology that exhibits decreasing returns
to scale.

7 Throughout the paper, random variables have a tilde (™) while their realizations do not.
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We assume that u(m, z) is increasing in each argument, i.e., u1:0 (r,z) > 0 and
u©D (7, z) > 0, and concave in 7, i.e., u20 (7, z) < 0, so that the firm is risk averse
in profit, where u'""/) (1, z) = 8" u(m, z) /o' 37/ .

We say that the firm is correlation averse (correlation loving) if ulD(z,2) < (>)0
and cross-prudent (cross-imprudent) in the background risk if UV, 2) > (<) 0
(Eeckhoudt et al. 2007). The former implies that the two risks, p and Z, behave like
substitutes (complements), while the latter implies that a larger realization of the
background risk mitigates (aggravates) the detrimental effect of the price risk. As
shown by Jokung (2011), correlation aversion is equivalent to the preferences for
the 50-50 lottery, [(r1, z2); (772, z1)], over the other 50-50 lottery, [ (71, z1); (772, 22)],
whereas correlation loving is equivalent to the opposite preferences, whenever 7y < w3
and z1 < 2. Jokung (2011) shows further that cross-prudence in the background risk
is equivalent to the preferences for the 50-50 lottery, (771, z); (712 + €, 2)], over the
other 50-50 lottery, [ (71 +¢, 2); (712, z)], whereas cross-imprudence in the background
risk is equivalent to the opposite preferences, whenever 77| < m; and € is a zero-mean
random variable.

The firm’s ex-ante decision problem is to choose an output level, ¢ > 0, and a
forward position, &, so as to maximize the expected utility of its profit at date 1:

q=>0,h

7oz
max / / u(ﬂp),z)f(p,z)dzdp, (2)
r Jz

where 7 (p) is given by Eq. (1). The first-order conditions for program (2) are given
by

P rz
/ / w0 (”*(p)v Z)[p — (g1 f(p.2)dzdp =0, G
p Jz

and

<

/ / w0 (2 (p), 2) (p = p)f(p. dzdp =0, “)
14

where an asterisk (*) signifies the optimal level. The second-order conditions for
program (2) are satisfied given the assumed properties of u (7, z) and c(g).

3 Optimal production and hedging decisions

Adding Eq. (3) to Eq. (4) yields

P rz
/ / w0 (2*(p). ) p! ' @1f (p. Ddzdp = 0. ©)
P Jz
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It follows from u1:0 (7, z) > 0 that Eq. (5) reduces to ¢’(¢*) = p/, thereby invoking
our first proposition.

Proposition 1 Given that the competitive firm can trade its output forward at the
predetermined forward price, p', the firm’s optimal output level, q*, is the one that
equates the marginal cost of production, ¢’ (q*), to p?.

The intuition for Proposition 1 is as follows. Since the firm can always sell the last
unit of its output forward at the predetermined forward price, p/, the usual optimality
condition applies in that the marginal cost of production, ¢’(¢*), must equal to the
known marginal revenue, p/, which determines the optimal output level, ¢*. This
result holds irrespective of whether the background risk (financial or non-financial)
prevails or not.

An immediate implication of Proposition 1 is that the firm’s optimal production
decision depends neither on the firm’s attitude toward risk nor on the incident to
the underlying uncertainty. Proposition 1 as such extends the separation theorem of
Danthine (1978), Feder et al. (1980), and Holthausen (1979) to the general case of
correlated price and background risks.

Evaluating the left-hand side of Eq. (4) at h = g™ yields

7 oz
/ / w0 (plg* —cq™).2) (P! = p)f(p. )dzdp. ©)
B Z

It follows from the second-order conditions for program (2) that A* > (<) ¢* if,
and only if, expression (6) is positive (negative). We state and prove the following
proposition.

Proposition 2 Given that the competitive firm can trade its output forward at the
predetermined forward price, p7, the firm’s optimal forward position, h*, is an over-
hedge (under-hedge), i.e., h* > (<) q*, if, and only if, the following condition holds:

_ u(l,l)(pfq* — (g, Z)

p! > (<) E[51 + / (E[5] — ELpIZ < 2l F (2)dz.
z E[u(l’o)(pfq* —c(q*),Z)]

(N
Proof See “Appendix A.” O

To see the intuition for Proposition 2, consider first the special case wherein p
and z are independent. In this special case, we have E[p|z < z] = E[p] for all
z € [z, z] so that condition (7) reduces to pf > (<) E[p]. Indeed, we can conduct
our analysis using the derived utility function, u(;r) = E[u (s, Z)], thereby resuming
the well-known results of Holthausen (1979) that the firm deviates from a full-hedge
and opts for an over-hedge (under-hedge) because of the speculative motive driven by
p/ > (<) E[pl.

In the general case that p and Z are correlated, we adopt the following notion of
bivariate dependence proposed by Wright (1987).
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Definition 1 The price risk, p, is said to be positively (negatively) expectation depen-
dent on the background risk, z, if

E[p] = (=) Elplz =z], ®)

for all z € [z, z], where the inequality is strict for some non-degenerate intervals.

Condition (8) implies that the expectation of p is revised downward (upward)
whenever one discovers that 7 is small, in the precise sense that one is given the
truncation that z < z. According to Lehmann (1966), we can write the covariance
between p and Z in terms of the cdfs, F(p, z), F,(p), and F;(2):

P rz
Covlp. 7] = / / [F(p.2) — Fp(p)Fa(2)ldzdp
p Yz
P rz
_ / / [F(plZ < 2) — Fy(p)IF.(2)dzdp
p Jz

- / (E[5] — E[jI? < 2]} F.(2)dz. ©)

where Cov[-, -] is the covariance operator with respect to F(p, z),and F(p|z < z) =
F(p,z)/F.(2) forall (p,z) € [p,P] x [z,7] is the cdf of p conditional on Z < z.
It is evident from Eq. (9) that éov[ﬁ, zZ] > (<) 0 if condition (8) holds. Wright
(1987) and Li (2011) show that two random variables that are positively (negatively)
correlated need not be positively (negatively) expectation dependent, thereby rendering
positive (negative) expectation dependence to be stronger than positive (negative)
correlation.® Furthermore, Wright (1987) shows that Cov[p, ¥ ()] > (<) 0 for every
increasing function, ¥ (-), for which the covariance exists if, and only if, p is positively
(negatively) expectation dependent on Z.

Following Eeckhoudt and Schlesinger (2006), we define the utility premium as
follows:

$u (. @) = Elu(r, )] — E[u(7 + alp ~ El5]).2) . (10)

In the following lemma, we derive sufficient conditions under which ¢, (7, ) > 0 so
that it measures the “pain” associated with facing exposure, «, to the residual price
risk, p — E[p], in the presence of the background risk, 79

Lemma 1 Given that the price risk, p, is positively expectation dependent on the
background risk, Z, the utility premium, ¢, (7w, ), is positive for all « > (<) 0 if the
bivariate utility function, u(w, z), exhibits correlation aversion (correlation loving),
e, u D, 7) < () 0.

8 Expectation dependence is, however, the weakest among all extant stronger notions of bivariate depen-
dence than correlation (Chiu 2020; Wong 2021). See Wright (1987) and Li (2011) for an exposition of the
alternative notions of bivariate dependence.

9 Given that P is negatively expectation dependent on Z, ¢, (7, &) > 0 forall @ > (<) 0 if u(l'l)(n, z) >
(<) 0.
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Proof Note that

8E[u(7t +a{p — E[p]). z)]

= Cov[u"V (7, %), pl < (>) 0, (1)
o

a=0

where the inequality follows from the fact that p is positively expectation dependent
onZ and u""V(, z) < (>) 0 (Wright 1987). Note also that

82E[u (n +alp — E[p]). z)]

da?

= E[u®(x +a(p — ELpI. 2) (5 — LA | <0,
(12)

for all «. Hence, Egs. (11) and (12) imply that

BE[u(n +alp — E[pl), z)]

% < (>)0,

for all @« > (<) 0. It then follows from Eq. (10) that ¢, (;r, ) > O for all « > (<) O.
m}

Lemma 1 shows that the firm that is correlation averse (correlation loving) dislikes
positive (negative) exposure to the residual price risk in the presence of the background
risk given that p is positively expectation dependent on z. Hence, there is an additional
hedging motive that induces the firm to sell more (less) of its output forward than a full-
hedge so as to reduce the correlation risk. This additional hedging motive reinforces
the speculative motive (Holthausen 1979) when pf > (<) B[ p] so that an over-
hedge (under-hedge), i.e., h* > (<) g™, is optimal. On the other hand, this additional
hedging motive counteracts the speculative motive when p/ < (>) E[p] so that the
firm’s optimal forward position can be either an over-hedge, a full-hedge, or an under-
hedge, depending on the sign of condition (7). We as such establish the following
proposition.

Proposition 3 Given that the competitive firm can trade its output forward at the
predetermined forward price, pf, and that the price risk, p, is positively expectation
dependent on the background risk, Z, the firm’s optimal forward position, h*, is an over-
hedge (under-hedge), i.e., h* > (<) q*, if the firm is correlation averse (correlation
loving) and p’ > (<) E[p].

Wong (2014) focuses on the case that the background risk is financial so that u (7, z)
is reduced to a univariate utility function, v(;r + z). In this case, correlation aversion,
ie., u"V (7, z) <0, is equivalent to risk aversion, i.e., v’ ( + z) < 0. Given that p
is positively expectation dependent on z, Wong (2014) shows that an over-hedge, i.e.,
h* > g*, is optimal when the forward price is unbiased, i.e., p/ = E[p]. Proposition
3 shows that Wong’s (2014) result remains valid in the case that the background risk

10" Similar results can be obtained given that p is negatively expectation dependent on Z.
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is non-financial only under correlation aversion. In contrast, if the firm is correlation
loving, an under-hedge, i.e., i* < g™, becomes optimal. This suggests a way to
detect whether the firm’s preferences exhibit correlation aversion or correlation loving
by examining whether the firm’s optimal forward position is an over-hedge or an
under-hedge, respectively, given that the forward price is unbiased and p is positively
expectation dependent on Z.

4 The effect of hedging on output

In this section, we examine the effect of hedging on the firm’s optimal production
decision. To this end, we consider a benchmark wherein the firm is prohibited from
trading its output forward, i.e., # = 0. In this benchmark case, the firm’s optimal
output level, ¢°, is uniquely determined by the following first-order condition:

P rz
/ / uho (Pq" —c(q°), Z)[p —(g”)1f (p, 2)dzdp = 0. (13)
P Jz

It then follows from Eq. (13) and the second-order condition that ¢* > (<) ¢° if, and
only if, the following condition holds:

D rz
f / M“’O)(m*—c(q*)ﬂ)(p—pf)ﬂp, 2)dzdp < (>)0, (14)
P vz

where we have used ¢/(¢*) = p/ from Proposition 1.
Expanding the left-hand side of condition (14) by using integration by parts yields
the following proposition.

Proposition 4 Prohibiting the competitive firm from trading its output forward at the
predetermined forward price, p¥, induces the firm to optimally produce less (more),
e, q° < (>)q* if, and only if, the following condition holds:

E[u (5g* - ca"). Z) [(ELAI - p)

7
+/ u<2,0)<pq* _ C(q*),z)q*{E[ﬁ] —E[plp < pl}Fp(p)dp
P

zZ
+ / w0 (Bg* — e, =) (ELp] — EIBIZ = 21} Fo(2)dz

Z

—/ / u@”(pq* —c(q*),z)q*{E[ﬁ] —E[plp < p.Z <2 F(p, 2)dzdp < (>) 0.
P

I

(15)
Proof See “Appendix B.” O

@ Springer



250 K. P.Wong

A special case of interest is the one wherein p and Z are independent. In this
special case, we have F(p,z) = F,(p)F;(z) for all (p,z) € [p, p] x [z,7] so that
E[plz <zl =E[p]forall z € [z,Z], and E[p|p < p,Z < z] = E[p|p < p] forall
(p,z) € [p. Pl x [z, z]. Condition (15) becomes

i ﬁ'E[ua‘”(pq*—iiq*),Z>] o
pl > (<) E[p]-i-/ q*{E[p]1—E[p|p < pl}F,(p)dp.

r E[u(l’o) (ﬁq* —c(g™), Z)]
(16)

Since E[p] = E[p|p < p] forall p € [p, pl, the second term on the right-hand side
of condition (16) is negative. It then follows from condition (16) that the risk-averse
firm optimally produces less when it is prohibited from trading its output forward
if the predetermined forward price, pf , is not below E[p]. Indeed, we can conduct
our analysis using the derived utility function, # () = E[u(m, Z)], in this special
case, thereby resuming the well-known result of Holthausen (1979) that hedging has
positive effect on output when p/ > E[p].

We now go back to the general case that p and Z are correlated. The first term on the
left-hand side of condition (15) is negative or positive, depending on whether p/ is
larger or smaller than E[ p], respectively. The second term is unambiguously negative,
which captures the aversion to the price risk that induces the risk-averse firm to produce
less when hedging is not possible. The sign of the third term depends on the sign of
E[p] — E[p|Z < z] and that of u"-D(xr, z). Given that p is positively expectation
dependent on Z in the sense of Wright (1987), this term is positive (negative) if the
firm is correlation averse (correlation loving). The sign of the last term depends on the
sign of E[p] — E[p|p < p,Z < z] and that of u‘>V (7, z). Note that

E[plz <z]—E[p|p <p,Z2<7z]

_ /pF(x,z) [ /" F(x,2) ]
=p— dx — | p — dx
pr (2 p F(p,2)

1-F(plz<2)

2
= 1— F(x|z d
[p[ (x]z < 2)] x+[ FOlE <2

}/P F(x|z <z)dx = 0. (17)
P

Given that p is positively expectation dependent on Zz, it follows from Eq. (17) that
E[p] = Elplz = z] = E[p|p = p,z = z]forall (p,z) € [p,P] x [z, Z]. Hence,
the last term is positive (negative) if the firm is cross-prudent (cross-imprudent) in the
background risk. We as such establish the following proposition.

Proposition 5 Given that the price risk, p, is positively expectation dependent on the
background risk, Z, and that the predetermined forward price, p', satisfies that
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7 u?0 (pq*—C(q*), Z)

P E[u“*o) (ﬁq* —c(g"), 2)]

p! = (=) Elpl + q*{E[p1-E[p|p < pl}Fp(p)dp,

(18)

prohibiting the competitive firm from trading its output forward induces the firm to
optimally produce less (more), i.e., q° < (>) q*, if the firm is correlation averse
(correlation loving) and cross-prudent (cross-imprudent) in the background risk.

When financial hedging by means of trading its output forward is not possible, the
firm uses operational hedging to simultaneously manage its exposure to the price
risk and that to the background risk. Condition (18) ensures that the predetermined
forward price is high (low) enough not to (more than) offset the negative effect due
to risk aversion. Given that p is positively expectation dependent on Z, it follows
from Lemma 1 that the utility premium is positive for positive (negative) exposure to
the residual price risk in the presence of the background risk if the firm is correlation
averse (correlation loving). Hence, correlation aversion (correlation loving) reinforces
the net effect due to the predetermined forward price and risk aversion and induces
the firm to produce less (more) than ¢*. Since ¢* maximizes p/q — c(g), the firm’s
profit is reduced when its output is deviated from g*.

Kimball (1990, 1993) refers to prudence as preferences for bearing a zero-mean
risk in the wealthier states of nature. The prudence utility premium, introduced by
Crainich and Eeckhoudt (2008), measures the increase in pain of facing a zero-mean
risk in the presence of a sure loss, £ > 0. We as such define the prudence utility
premium as follows:

bp(m, @) = pu(m — £, @) — pu (7, @), 19)

where ¢, (7, o) is defined in Eq. (10) and £ > 0. Differentiating Eq. (10) with respect
to 7 yields

a0y, (rr, = D pl}, z
¢—8(Z ) = E[u" (7, 7)] —E[“(l’o)(” +aip —E[p]},z)]

~ —E[u(z’o) (7, Halp — E[ﬁ]}] — —aCov[u®O(x, 3), B, (20)

where the approximation follows from applying first-order Taylor expansions to
u®0 (71 + a{p — E[p]}, z) around p = E[p]. Given that p is positively expec-

tation dependent on z, Eq. (20) implies that 3¢, (77, &) /07w < 0 if u@D(z, 2) > (<)0
and o > (<) 0 (Wright 1987). It then follows from Eq. (19) that ¢, (7, &) > 0, which
measures the additional pain associated with facing positive (negative) exposure to
the residual price risk in the presence of the background risk when the firm that is
cross-prudent (cross-imprudent) in the background risk suffers a sure loss, ¢ > O.
Since the firm earns less when its output is deviated from g*, the prudence utility
premium is positive for positive (negative) exposure to the residual price risk in the
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presence of the background risk if the firm is cross-prudent (cross-imprudent) in the
background risk. Hence, cross-prudence (cross-imprudence) in the background risk
further strengthens the firm’s incentive to reduce (raise) its output, thereby rendering
that ¢° < (>) ¢*.

5 Conclusion

In this paper, we follow Wong (2014) to examine the competitive firm of Sandmo
(1971) that has to make its production and hedging decisions under correlated price
and background risks. Unlike Wong (2014), the background risk can be either finan-
cial (risky investment income or random fixed costs) or non-financial (political risk
or environmental risk), which is accommodated by using a bivariate utility function.
We show that the separation theorem holds in that the firm’s optimal output level
depends neither on the firm’s bivariate utility function nor on the joint distribution of
the price and background risks. We derive necessary and sufficient conditions under
which the firm optimally opts for an over-hedge (under-hedge). We further derive nec-
essary and sufficient conditions under which hedging has positive (negative) effect on
the firm’s optimal output level. These conditions are shown to be related to the con-
cept of expectation dependence (Wright 1987) and bivariate preferences that include
correlation aversion (correlation loving) and cross-prudence (cross-imprudence) a la
Eeckhoudt et al. (2007).

While we focus on the behavior of the competitive firm of Sandmo (1971) fac-
ing correlated price and background risks, the approach advanced in this paper is
completely general. Since multiple sources of uncertainty are ubiquitous, our analy-
sis should be applicable to a broad class of choice problems (e.g., portfolio choice,
precautionary saving, and insurance policy). We leave these for future research.

Appendix A: Proof of Proposition 2

Using integration by parts, we have

7z .
/ / u“’o)(pfq*—c(q*),z)pf(p, 2)dpdz
P JZ

P 1,0 ‘
=/ u® ’(pfq* —C(q*),i)p/ f(p,z)dzdp
P Z

P rz <
[ [t (o =)o [ s vavacap
L =

1,0 7o
=0 (pl g e 2)7 [ [ rpdpe:
r Jz

2 P [z
— / u:0 (pfq* —c(g"), Z) / / f(x, 2)dzdxdp
)4 )4 Z
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f f(p, y)dydpdz
z

y < et Jp
D Jz

)4
f / @, ” q* —clgh),z /f(x,ymxdydpdz
rJz z

= u0 (pfq* — C(q*),2>ﬁ - / u®0 (pfq* — C(q*),Z>Fp(p)dp
)4

zZ
_/ u(l‘l)(]?fq* —c(q*),z>ﬁFZ(Z)dZ
Z

P rz
+f f u“’”(pfq*—c(q*),z)F(p,z)dpdz
p Jz

=10 (g~ clq). 2)EIR - [ a0 (pTg" - el 2) FeizEL )

7z .
+ / / w0 (plq" = cq"), 2)[F (p. 2) = Fp(p)Fo(2)dpdz
=E[u0(plqg* - c¢".2) [EL7I

+ / u“’”(pf q* — (g, z){E[ﬁ] — E[p|Z < z]}F.(z)dz, (A.1)

where the second last equality follows from E[p] = p — [’ pﬁ Fp(p)dp. Substituting
Eq. (A.1) into expression (6) yields condition (7). B

Appendix B: Proof of Proposition 4

Using integration by parts, we have

P rz
/ f w0 (pg* = clg"). z) pf (p, )dzdp

/ “0)( pq* —C(q)z /f(p 2)dzdp

// . 1) *—c(q*),Z)p/ f(p,y)dydzdp

u10(5g* — c(g"). 2 / / /(. )dzdp

- /p [u“’o) (pq* —c(g"), Z)
)4
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+u(2~°)<pq*—c(q*),z)pq /f f(x,z)dxdzdp
P

_/ <11>< c(q)z //

p Jz
f / u't ” pq *—clgh),z
u® ”( c(q*),z)pq f

p Jz

~

f(p,y)dydpdz

T N

f(x y)dydxdzdp

. 0)( e, Z) /z a, 1)( — (g™, Z)pF (z)dz
Z
P

_/ [ (1.0) (pq* —c(g"), Z) +u®0 (pq* —c(g"). Z)pq*]Fp(P)dP
»

/ / (11)
p Jz

c(q"). Z) + u(z’”(pq* — (g™, Z)pq*]F(p, 2)dzdp

(A.2)
Using integration by parts, we have

P
/ «10(pg* — c(g").2) Fp(prip
P

7
ul 0)( —c(g"), z)/ Fp(p)dp
)4

p p
- f u®0(pg* - c(g").7)q" / Fp(x)dxdp
P )4

w0 (5q* - e, z>{ﬁ—E[1;]}

7
_ / w0 (pg*
p

¢(q").2)a" P —ELplp < plF,(D)dp.  (A3)

Using integration by parts, we have

7 rz
P z

= 2
/u(l’l)(ﬁq*_c(q*)’z)f F(p, z)dpdz
z P

@ Springer



Production and hedging 255

P
f / @ “ pq*—c(q*),z)q*f F(x, z)dxdzdp
P

<

=

=/ a. 1)( — (g™, Z){p E[pIZ < 2]} F:(2)dz

|29

u® ” q* —clg), z)q*{p —E[p|p = p.Z < 2} F(p, 2)dzdp.

| :u\.,

L

Substituting Eqs. (A.3) and (A.4) into Eq. (A.2) yields

(A4)

P rz
/ / w10 (pq* —c(q"), Z)Pf(l?, z)dzdp
P Jz

7
W19 (5a — ca ). 2)ER1 - [ 0O (pa" ~ @) 2)a"ELBIP = pIFy ()P
P

- / @, 1>(pq c(q*),z)E[mz < z1F,(2)dz

P rz
+ / / u®(pg* — cg™). 2)q"BI5l5 < p.2 < IF(p, Ddzdp.  (AS)
p Jz
Furthermore, we have
7 rz
|7 [ w10 (pa = ctar.z) £z
p Jz

i
— 1.0 (ﬁq* —c(q®), Z) - / u®0 (pq* —c(g®), Z)q*Fp(P)dP
)4

—/ . 1)( —c(g™), Z)F (z)dz

P rz
+/ / u(z'”(pq* — c(q*),z)q*F(p,z)dzdp- (A.6)
p Jz

Substituting Egs. (A.5) and (A.6) into condition (14) yields condition (15).
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