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his paper establishes a critically important positive role for operations management practices and financial hedging. We
T show that operations management decisions and financial hedging are intertwined, and we advance a framework that
can identify their combined effects on investors’ wealth. We show that: (a) firms (publicly traded corporations) will optimally
hold adequate riskless working capital (e.g., cash) to minimize the cost of obtaining non-financial inputs, and the magnitude
of this cash holding depends on operating details, and (b) operations management and financial hedging can lower firms’
cash requirements, and boost productivity, defined as the wealth created in the firm per dollar of invested capital. Pro-
ductivity-enhancing practices—by “freeing up” some of the firm’s cash—can maximize the investors’ wealth. We show that
these results obtain because firms’ contracts with many of the providers of non-financial inputs are not traded, and because
investors can invest not just in public corporations but also in businesses “outside the markets” (e.g., proprietorships,
partnerships, and private equity).
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: . There are two types of economic agents—investors
1. Introduction and Overview with financial capital, and “factors” who own non-
In this research we link operations management prac-  financial inputs. Investors can supply funds to firms,
tices and financial hedging to the shareholders’  in which case, they are “shareholders” holding mar-
wealth, in a more general setting than in the prior  ket-traded securities (stock). They can also take
research. We develop an analytical model in which the  ownership positions in businesses outside the mar-
firm’s cash flows are determined, endogenously, by kets, in which case, they will hold non-traded private
the firm’s optimal production and risk-management  ownership contracts.
decisions, and show how these decisions affect the The factors provide their inputs to the firm today in
shareholders’” wealth. return for a promised payment next period that is set
In our framework, there are two types of economic  exogenously. The factors’ contracts (e.g., contracts for
institutions—firms (public corporations) and private  the supply of labor services, land, raw materials, pro-
businesses (e.g., proprietorships, partnerships, and  cessed goods, and supplies) are not traded in the
private equity) that exist “outside the markets.”' Our ~ markets.”
analysis focuses on a public firm (“the firm”) and on In this setting, which we describe as a “‘mixed con-
the firm’s owners (“the shareholders”). The firm is  tracts economy” (traded securities and non-traded
run by a manager. The firm and the firm’s manager  contracts), we focus on the wealth impact, for share-
are indistinguishable; their role is to engage in and  holders, of operations and risk-management decisions
execute contracts that maximize the wealth of the  in the firm. The only source of risk for the firm’s cash
shareholders. We make no assumptions about the  flows in our model comes from demand uncertainty.
manager’s/firm’s utility function. We assume that ~ We assume there are no market imperfections (fric-
the manager abides by his fiduciary duty to maximize  tions), no arbitrage opportunities in the securities
the shareholders’ wealth; thus, we exclude agency  markets, and that stock prices satisfy the Arbitrage
issues from the analysis. Pricing Theory (APT). Since factor contracts and
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ownership contracts in private business are not
traded, these contracts need not satisfy the APT.

The essence of our economic argument is as follows.
We argue that the firm will benefit its shareholders by
holding, depending on its operating details, adequate
riskless working capital (cash); by holding cash the
firm can reduce the cost of obtaining the non-financial
inputs from the factors. Operations management de-
cisions, and financial hedging, by changing the
probability distribution of the firm’s cash flows, can
lower the firm’s cash holdings, and “free up” cash
that can be returned to its shareholders. The share-
holders can then further augment their wealth by
using this cash to invest in business opportunities
outside the markets.

Our results are not driven by the usual market
frictions (e.g., agency/bankruptcy costs, taxes, infor-
mational asymmetries). They stem entirely from
allowing the existence of operating risk (defined as
negative operating earnings), mixed contracts (secu-
rities and factor contracts) and from recognizing that
investors have investment opportunities outside the
publicly traded corporation (in other organizational
forms).?

We show how operations management and risk-
management decisions affect: (a) the firm's riskless
working capital (e.g., cash) requirements, (b) the (co-
variance) risk of the cash flows, (c) the value of the
firm, (d) the firm’s productivity of capital, which we
define as the wealth (NPV) created per dollar of in-
vested capital (which includes the working capital
required), and (e) the shareholders’ total wealth,
which includes the wealth created inside the firm
plus the wealth they can derive from investment op-
portunities in private business ventures.

The rest of this paper contains six sections. In section
2, we review the related operations management re-
search and provide contextual positioning of this
paper’s contributions. In section 3, we describe our
assumptions about the firm’s operating income. We
then explain why and how the firm can, by holding
adequate cash, lower the cost of obtaining the non-
financial inputs from the factors. We then identify the
covariance risk of the firm’s cash flows, and firm
value, when the firm holds cash. In section 4, we ex-
amine the implications of a production plan on the
investors’ total wealth (their combined wealth in and
outside the firm). We show that to identify the firm’s
optimal production plan the operations manager must
examine both the wealth that the plan creates inside
the firm and the firm's productivity of capital. We
provide numerical examples to illustrate our economic
arguments. In section 5, we show that financial hedg-
ing practices can augment the shareholders’ total
wealth. Specifically, we show how hedging decisions
can change the firm’s riskless working capital require-

ments, alter the firm’s optimal production plan, and
increase the shareholders’ total wealth. In section 6, we
discuss how the extant results in the literature obtain
as special cases of our framework. Section 7 contains a
summary of our results and closing comments.

2. Literature Review

Although a clean taxonomy is difficult because of
overlapping model features, the related operations
management literature can be thought of as having
evolved along three research strands.

The first strand addresses operational hedging—
broadly defined as mitigating the impact of risk
through operational decisions. This research stream
includes papers that address currency risk manage-
ment in an international production network
(Gutierrez and Kouvelis 1995, Huchzermeier and Co-
hen 1996), research that focuses on demand risk (Lee
and Tang 1997, 1998, Van Mieghem and Dada 1999),
and work that centers on both demand and currency
risk management (Kazaz et al. 2005, Kouvelis and
Gutierrez 1997). For a survey of operational hedging
studies related to capacity decisions, see Van Mieghem
(2003). All of these studies assume that the manager’s
goal is to maximize the firm’s expected cash flow.

A second strand of the literature (Agrawal and
Seshadri 2000, Bouakiz and Sobel 1992, Caldentey and
Haugh 2006, Ding et al. 2007, Eeckhoudt et al. 1995,
Gaur and Seshadri 2005, Sethi 1997) identifies optimal
operating and hedging policies by making specific
assumptions about the manager’s utility function.

The third line of inquiry (Anvari 1987, Berling and
Rosling 2005, Birge 2000, Birge and Zhang 1999, Led-
erer and Singhal 1988, Singhal 1988) explores how a
firm’s operating decisions affect its financial risk, and
hence its market value. A subset of papers in this lit-
erature examines operations management and other
financial decisions by invoking market frictions. For
example, MacMinn (1987) and Taksar (2000) study
corporate insurance in a model that includes bank-
ruptey and agency costs. Xu and Birge (2004) integrate
production and financing decisions by balancing the
tax benefits of debt against financial distress costs.
Taksar (2000) studies an insurance company’s cash
surplus, and its implications for a firm’s dividend
policy, and Buzacott and Zhang (2004) integrate the
firm’s production and financing decisions in a model
where the firm has limited capital and is restricted to
bank financing.

Our research differs from the first research stream
in two ways: (1) it combines both operational and fi-
nancial hedging, and (2) the optimization analysis
takes place within the (no-arbitrage) value-maximiza-
tion framework. It differs from the second set of
studies in that it does not rely on specific assumptions
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about the manager’s utility function. Finally, in con-
trast to studies in the third stream, we do not rely on
the usual market frictions (e.g., bankruptcy costs, tax-
ation and agency issues).

3. Firm Value, Riskless Capital, and
Shareholders” Total Wealth in a
Mixed Contracts Economy

3.1. Model of Operating Income

We assume that the firm produces n products for
which demand is stochastic, and we denote by q =
(5 any gn) and d = (£ 4 &,) the vectors of produc-
tion quantities and random demands, respectively. The
only source of risk in our model comes from demand
uncertainty. We define the firm’s operating income as

X(q.d) = R(q.d) — C(q.d). 8

where R(q.d) is the revenue earned by supplying d
when the production plan is q, and C(q.d) is the cost
of producing q when the demand outcome is d. The
operating income X is, in general, a function of the
production plan q, and it is a random variable that
depends on the random demand. We write the oper-
ating income as X(q.d) to emphasize its dependence
on both the production plan q, and demand d. That is,
X(q.d) is the operating income obtained if we produce
q and the demand realization is d. However, to sim-
plify notation, and where there is no ambiguity, we
write it as X(q).

We denote the firm's set of production possibilities
as 2, and assume that 2 is a convex set. We further
assume, without loss of generality, that any produc-
tion plan q that cannot be profitably produced when it
is demanded is not in 2, that is, q & 2 only if
R(q.q) > C(q.q). We call a production plan q feasi-
ble if q € 2; similarly, we call a demand outcome, d;,
feasible if dy € 2.

We assume that the initial investment required at
time t, I, is constant for all operating plans, and that I,
0 <« < 1, of the initial investment is recovered at t+1.

The selection of a myopic (i.e., single-period) pro-
duction plan q can be thought of as the selection of a
project among a set of mutually exclusive alternatives,
all with a duration of a single period. To identify the
firm’s optimal production plan, it is important to
evaluate the marginal effects of changes in g; on the
firm’s operating income, on its cash flow risk, on the
firm’s value, and ultimately on the shareholders’
wealth. To this end, we make three assumptions about
X(q.d).

AssumPTION Al. Operating Income is Monotonic in De-
mand. We assume that operating income X(q,d) is
non-decreasing in ¢; for any production plan q.

AssumprTION A2. Operating Income has Positive Mixed
Partial Derivatives. We assume that the partial deriv-

ative ’)Xf,q 4 is non-decreasing in d for all products i.
:

This assumption requires that ‘F(—;\[l—?f# >0 for any
products i and j.* o

Assumptions (A1) and (A2) together imply that
both the operating income and the marginal change in
operating income resulting from increasing produc-
tion of an item 7 will never decrease when the demand
for any item j, possibly j = i, increases.

Assumprtion A3. Excess Production is Costly. We assume
that for any two production plans q, and q; and a
given demand outcome d; with dy < q; < q,, the re-
sulting firm’s operating incomes are ordered as
X(q,.do) < X(q;,do)-

Assumptions (A1)-(A3) are parsimonious; they al-
low for the production plan, g, to be determined with
varying degrees of demand information. They thus
admit Make-To-Stock (MTS) production models (i.e.,
when q must be selected before observing demand d),
and Make-To-Order (MTO) models (i.e., when q can
be selected after observing d) as special cases. In an
MTS model, we can assume that the cost of produc-
tion is determined before observing demand; hence, it
is constant across all demand outcomes. Assumptions
(A1)—(A3) also allow the modeling of systems with
product substitution and production systems with
non-linear costs (e.g., economies or diseconomies of
scale and some cost interactions across products). Fi-
nally, we point out that since X(q,d) is a cash-flow, it
excludes any non-monetary costs imputed to inven-
tory shortages (such as penalty costs derived from
customer “ill-will”).

We now provide two simple examples of MTS and
MTO production systems to illustrate the above as-
sumptions.

ExampLe 1 (MTS System). In this production system,
the production plan q is specified before demand d is
revealed. Thus demand is satisfied up to the quantity
produced and excess inventories (unsold output) are
disposed of at a salvage price of v; per unit. The sell-
ing price of an item is denoted as p;, and the unit cost
of producing a unit of product i is denoted as c;. The
resulting firm’s operating income, X, is thus

"

X(q,d) = 3 (pimin{&,q} + (g - &) — ). (2)

=1

Since the production plan is fixed before observing
demand (i.e., the production plan q is constant in d),
the expected cash flow is obtained as EX(q.d). [
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In this example, Assumptions (A1) and (A2) are
satisfied if p;>v;, and Assumption (A3) is satisfied if
v < ¢; for all products i and for all feasible demand
vectors d € 2. Further, the set 2 is non-empty if ¢;<p;
for some i.

ExamrLe 2 (MTO System). In this case, we assume
demand is revealed before any item is produced.
Once the demand for product i is revealed, it is
satisfied up to g/. The value of the limit g/ may be
determined by production capacity or supply con-
straints. The production plan for product i is
qi= min(i,.q{’). In this case, the production plan is a
function of d, and we write it as q(d) = d A q', where
q" is the vector whose ith element is g!. Operating
income, X, is given as

X(q(d),d) = {(pi — c)(& A g} (3)
&1

As in the MTS system, p; and ¢; denote the unit
selling price and unit production cost of product i,
respectively. [J

In the MTO example above, Assumptions (A1)-(A3)
are satisfied if 0 < ¢; < p; for all products i and for all
feasible demand vectors d € 2 # ().

3.2. A Rationale for Riskless Working Capital
(Corporate Cash)

As a starting point for our analysis, we assume that if the
firm has no operating risk (which we define as a positive
probability of negative operating earnings, revenues less
cost of non-financial inputs) it would obtain, at t = 0, the
necessary non-financial inputs from the “factors”—the
owners of these inputs—at a price f (this price is
exogenous to our analysis) payable at = 1. In this case,
the factors are guaranteed their opportunity costs.

An inevitable question, therefore, is how will the
firm optimally provide the factors their opportunity
costs if it faces operating risk? The answer, as we
show next, depends on the firm’s operating risk, and
on whether the factor contract is assumed to be a
security or a non-traded contract.

At this point it is useful to examine separately the
implications of the non-tradability of the factor contract
for the case where the firm has no operating risk (Case 1)
and the case where the firm has operating risk (Case 2).

Case 1: The Firm has no Operating Risk

With this assumption, the factors are guaranteed to
recover their promised payoffs at t=1. Now for
explanatory purposes, consider the following two
possibilities:

a. The factor contract is a market-traded security. In this
case, the factors would demand a price f/<f

payable at t=1. The =0 value of this security is
simply the present value of f" discounted at the
risk-free interest rate.

b. The factor contract is not traded. In this case, the
factors will demand a price f payable at t = 1. The
difference 0 = f — f7 >0 is a “non-tradability pre-
mium” that the factors will demand for holding a
non-traded riskless contract. The t =0 value (pres-
ent value of cost) for the firm of the factor contract
is the present value of f discounted at the risk-free
interest rate.

In our analysis above, even when there is no risk,
factor contracts will command a positive non-trad-
ability premium; given two identical cash flows, an
investor will prefer the one that can be capitalized and
market-traded. If the factor is to be indifferent be-
tween a security paying ' and a non-traded contract
paying f, we must have ) = f — f' >0. Hence, even in
the absence of operating risk, the firm cannot avoid
paying the premium d;.”

Case 2: The Firm has Operating Risk

In this case, the factors may not recover their prom-
ised payments fully. To adjust for this risk, the factors
will demand a fixed price fr payable at t =1 that is de
facto a state-contingent payoff. Specifically, the factors
will receive f, (@) with f, (@) = f, in those states of the
world, », where the firm’s operating income is non-
negative and f,(w)<f, in states where the firm has
negative operating income. Now revisit the two
possibilities discussed earlier:

a. The factor contract is a market-traded security. In this
case, the factors will demand a price f, that has a
risk-neutral expectation, E‘n'f,\.(m) =T,

b. The factor contract is not traded. In this case, the
factors will demand a fixed price fy' >f where dx =
f¥ = f>0is a non-tradability premium.” Neverthe-
less, as before, they obtain de facto a state-contingent
payoff. Specifically, the factors will receive f}/()
with f(w) = f in those states of the world, o,
where the firm’s operating income is non-negative
and f (@) <fy in states where the firm has negative
operating income. The factors will set ¥ such that
their risk-neutral expectation, E%f} () >f.”

Our discussion above identifies two components of
the non-tradability premium, a risk-free component
8o, and a risk-sensitive component ok, and we have
provided empirical evidence pointing at the existence
of both. Grossman (1995) imputes non-tradability pre-
miums to the incomplete equitization of risks, which he
defines as the inability of economic agents to trade
some of their claims to future cash flows. Although
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the existence of positive non-tradability premiums has
been rationalized, there is no known theory for endog-
enizing its value. However, if the firm holds enough
cash to compensate its worst operating shortfall, it can
eliminate the risk to the factors and they will accept f;
in this case the firm can avoid paying dg.

Since we do not have any theory to quantify the
magnitude of the non-tradability premium, o, as a
function of the risk and the magnitude of potential
shortfalls, we avoid the issue altogether by assuming
enough cash is held to compensate its worst opera-
tional shortfall and completely eliminate the risk to
the factors. By self-insuring, this payment of oz >0 to
the factors is eliminated. Note that partial coverage
(e.g., 90% instead of 100%) of the shortfall will raise
the cost of the non-financial inputs as there is still
some residual risk for the factors. Note also that, al-
though the payment of d; is unavoidable, we do not
need to determine d, explicitly as it is already in-
cluded in the negotiated payment f.

In our model the firm “self-insures” against operat-
ing risk by holding cash today, in an amount ¥ equal to
the present value of the maximum potential operating
shortfall (not the expected shortfall). Thus, assuming
the cash is invested at the risk-free interest rate, r;, the
cash required by a production plan q is given by

Z(q) =

el ( X(q.d) 11) . (4)

With the firm holding ¢ in cash (that is, earning the
riskless interest rate ry), the NPV of this investment is
zero (since & plus the interest is recovered in all states
of the world next period). Thus, cash is a mechanism
for protecting the factors (ex ante).” Note that the cash
rationale here is endogenous‘q

It follows from (4) that the amount of riskless work-
ing capital required by the firm, expressed as a
function of the production plan q and of the mini-
mum possible demand d,,, is given by

1

— _ .t
_1+r,( X(q,dp) —al)™. (5)

Z(q)

With cash in the firm, the cash flow to the share-
holders at t+1, F is defined as

F(q) = X(q) + ol + (1 + 1) 2(q). (6)

3.3. Characterization of #(q)

To understand how different production decisions
affect the wealth created in the firm and the selection
of the shareholders’ wealth-maximizing production
plan, it is important to analyze the function .#(q). In
this subsection, we establish properties for #’(q) and
then, in section 4, we analyze the implications for
shareholders’ wealth creation.

We define the cash-free production set 2. 2y C 2 as
the subset of production possibilities in which the
firm does not require any cash. Formally,

= {q\X(q.d,,,)leo}. )

It is immediate from Assumption (A3) and (5) that
the function #(q) is non-decreasing in q. The follow-
ing lemma formalizes this statement.

Lemma 1 (¢ is Non-Decreasing in the Production
Plan). For any comparable pair of feasible production plans,
qo: q; € 2, with q, < q, we have ¥(q,) < Z(q)-

Observe that X(q.d,,,) is the minimum operating
income obtained from production plan q. Any pro-
duction plan q <d,, can be considered as pre-
contracted production, and production plans q > d;,
generate stochastic operating income cash flows as
(q —dy)" is subject to demand fluctuations.

The operating income X(q.d) is concave in q when-
ever R(q.d) is concave in q and C(q. d) is convex in q.
The following lemmas further characterize 2, and %"

Lemma 2 (Convexity of #). If C(q.d) is convex (non-
decreasing) on {q|q > d,,}, then £ (q) is a convex (non-
decreasing) function.

Proor. See Appendix A.

Lemva 3 (Convexity of 2). If 5((q.d,,.) is concave or
quasi-concave on {q|q > d,,}, then 2 is a convex set.

Proor. See Appendix A.
In the next section we discuss the notion of the
value of the firm.

3.4. Firm (Stock) Value When the Firm Holds
Riskless Capital

To assess the value of this single-period firm if a pro-
duction plan q is adopted, the expected cash flow to
investors EF(q) = EX(q) + ol + (1 +r;)2(q) must be
discounted back to time t. The appropriate discount
rate has traditionally been estimated using the Capital
Asset Pricing Model, or the APT (Ross 1976, Cham-
berlain and Rothschild 1983).

If stock returns are generated by a single exogenous
factor ¢, generating shocks (henceforth referred to as
the “market”), the APT implies that the value of the
firm, V(q), is given by

_EF(q) - B@)(. — 1)

147 ®

Viq)

where 7, is the return of the market, and r, = Er,. If we
denote the variance of the market return as o2, the
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“cash flow beta,” B(q), is defined as

cov (F(q)A ;)

o

Blq) = (9)

Note that the risk-adjusted (certainty equivalent)
cash flows in (8) are obtained by first adjusting the
expected cash flows at +1 with the firm’s cash flow
beta, and that the resulting risk-adjusted cash flows
are then discounted back to time t using the risk-free
interest rate ry.

In the asset-pricing framework the relevant mea-
sure of risk is not the variability of the investors’ cash
flows, but the covariance of the cash flows with re-
spect to the returns of the market.

3.5. Covariance Risk of the Cash Flows

To establish monotonicity (either positive or negative)
of the covariance between the cash flows to investors
and the returns on the market we assume, in this pa-
per, that the random variables (d.r,) are associated. In
Appendix B, we discuss in detail why this assumption
is necessary.m

For our purposes it is interesting to examine the
normal probability distribution as it is often used in
the operations management literature as an approxi-
mate model of demand, and in the finance literature as
a model of returns. If we are concerned with a single
product, and the joint density of demand and market
returns is a bivariate normal distribution, then (d,r,)
are associated if the correlation coefficient is non-neg-
ative. In higher dimensions, if (d,7,) are distributed
according to a multivariate normal probability density,
then (d.r,) are associated if the off-diagonal elements
of —X 'areall non-negative, where X is the covariance
matrix of the joint probability distribution.

If we consider a (1 + 1) vector of random variables
(d.7.), and if we assume that they are associated, then
we can claim that the cash flow of the firm is posi-
tively correlated with the returns of the market if the
operating income function, X(q.d), is non-decreasing
in demand for any q. Lemma 4 below formalizes this
statement.

Lemva 4 (Correlation of Cash Flow and Market Re-
turns). If the returns on the market r, and demand d are
associated, and if X(q.d) is non-decreasing in demand for
any q (i.c.L Assumption (A1) holds), then the cash flow to
investors, F, resulting from any production plan q is pos-
itively correlated with the market returns, r,.

Proor. See Appendix A.

Next, we explore the relationship between the pro-
duction plan q and the covariance between the cash
flows of the firm and the market returns, COV(F(q).7.).

Denote as /(d.r,) the joint probability mass function
of the demand d and the returns of the market 7,. De-
note as ¢ and ¢’ the marginal probability mass
functions, and as ®- and @' their respective distribu-
tion functions. Then, the covariance between the firm’s
cash flow F(q) and market returns .. COV(F(q).7,) =
E[F(q)7.] — r.EF(q) can be obtained as

COV q) Fa / / q(d.r)dddr,..

(10)

Lemma 5 (Monotonicity of Cash Flow Covariance in
Production Plan). If (d.r.) are associated, and if As-
sumptions (A1) and (A2) are satisfied, then the covariance
between the cash flows to investors, F(q), and market re-
turns is non-decreasing in the production plan q

Proor. See Appendix A.

The following lemma further characterizes the co-
variance of the cash flows with the returns of the
market as a function of q. To this end we define the
demand vector d,, as the vector whose elements are
the minimum demand realizations. The vector d,,, can
be interpreted as the array constructed with pre-con-
tracted orders at time f for all products i. Similarly,
define the demand vector dy, as the vector of maxi-
mum demand realizations.

LemMa 6 (Characterization of the Covariance of Cash
Flow with Market Returns). If Assumptions (A1) and
(A2) are satisfied:
(a) J'T’]COV F(q).

® ocov(Eq).i

a5

S

>0 forall i forall q > d,,.
=0 for q = dy.

ProOF. See Appendix A.

Collectively the three lemmas above describe how
the covariance, COV(F(q).7, ), changes as a function
of the production plan q. Equation (9) implies that the
cash flow beta B is zero for 0 < q < d,,. It is then non-
decreasing in each g; until reaching dy;, and is con-
stant for all larger q. The implication is that in general
neither B(q) nor COV(F(q).?;. can be characterized
as either concave or convex in q, except when d is
independent of 7. and, in this trivial case, COV
(F(q)iv) = B(q) = 0 for all values of q.

3.6. Shareholders’ Total Wealth in a Mixed Contracts
Economy

If the firm’s manager undertakes production plan q,
he will require a fixed investment of [ plus a risk-free
cash investment of ¥’(q). When these investments are

eproduction prohibited without permission.



Rao and Gutierrez: Wealth-Maximizing POM Decisions

424 Production and Operations Management 19(4), pp. 418433, © 2010 Production and Operations Management Society

made, the firm creates a value of V(q). Thus the NPV
created inside the firm, as a function of g, is given by

NPVF(q) = V(q) - I - 2(q)

_EX(@+od-B@r—r) (D
- 141y o

Since F(q) and X(q) differ only by a constant (i.e.,
(1+r)2(q)) for all demand outcomes, we have
COV(F(q).7.) = COV(X(q).7.). The cash flow beta,
B(q), is affected by the operating cash flow, X(q), but
it is otherwise independent of the firm’s cash require-
ment, #(q). Thus, it follows from (11) that the NPV
created inside the firm, NPV*(q), is unaffected by the
firm’s cash requirements.

In a mixed contracts economy there are potentially
positive NPV investment opportunities in private
businesses, and to allow for this expanded set of op-
portunities we distinguish between NPV’, the NPV
created inside the firm, and NPV, the NPV that the
shareholders can create outside the firm. The share-
holders” fotal wealth thus depends on both NPV
notions.

To understand the trade-offs involved in the man-
ager’s decision to maximize the shareholders’ total
wealth, we define the productivity of capital as the
NPV created per dollar of capital invested. For any
non-zero production plan q, the productivity of the
firm’s invested capital, 1(q), is

NPV'(q)

P+ 2

niq) =
Our analysis assumes that to capture a fraction of
NPVF, an investor must be a shareholder at t = 0. If
the manager can create the same NPVF with less in-
vested capital (e.g., the manager could use risk
management activities to free up A% in cash without
changing NPVF), then shareholders will capture a
larger fraction of the NPV per dollar of their invest-
ment in the firm. Any freed-up capital that is not
required can be invested by the shareholders by tak-
ing positive NPV ownership positions in private
businesses. That is, we assume that the productivity
of capital outside the securities markets, 1, is strictly
positive, and we further assume that 7, is equal for all
of the firm’s shareholders. We emphasize that 5, >0
cannot be rationalized in models where all economic
activity occurs only within the securities markets."
With the investors’” opportunity set thus expanded,
it is no longer clear that decisions that maximize
NPV*, the NPV inside the firm, also maximize the
shareholders’ wealth. To maximize shareholders’

total wealth, we need to also consider their wealth-
creation opportunities outside the securities markets,
NPVO(q).

If the working capital plus investment required by
operating plan q, I1{q-0} + 2(q),"* were invested out-
side the firm, it would generate

NPVO(q) = n,(Iqz0) + £(q))- (13)

The function 1(4-; is an indicator function taking a
value of 1 if q >0 and zero if q = 0. Thus, if q =
0. NPVC(0) =0 as #(0) = 0. That is, if the firm is lig-
uidated at time f it requires no investment and the
shareholders do not forfeit any outside wealth cre-
ation opportunities. In this context, the net increase in
shareholders” wealth under a production plan q, de-
noted as W(q), is the NPV created inside the firm,
NPV'(q), minus the NPV that shareholders could
create on their own outside the stock markets,
NPVY(q). Hence, the production plan that maximizes
shareholders’ wealth, denoted as q", can be obtained
by solving the following program:

W* = W(q") = max{NPVF(q) - NPV°(q)}
qs?

= max{V(q) = (141, (1 g20 + #(@)}.
(14)

4. The Effect of Altering a Production
Plan on Shareholders” Total Wealth

In a mixed contracts economy, the shareholders do not
benefit from every positive-NPV project inside the
firm. Projects undertaken by the firm carry an oppor-
tunity cost of the capital that depends on the wealth-
creation opportunities outside the securities markets.
If this opportunity cost exceeds the project’s NPV, it is
in the shareholders’ best interests if these projects are
not pursued. We denote as q¥ the production plan
maximizing NPV'. Theorem 1, below, by comparing
the relative magnitudes of q¥ and the shareholders’
total wealth-maximizing production plan, q", estab-
lishes this intuition.

TreorREM 1 (Maximizing the Firm’s NPV may not Max-
imize Shareholders’ Wealth). If ‘7;’7\1? (qV)>0 for any
product i, then the production plan that maximizes the share-
holders” total wealth is smaller than or equal fo the plan that
maximizes NPVF, @ < qV. Conversely, lf[_—’:;]‘yfl/(qN )=0,
for all products i, the production plan maxinizing share-
holders wealth also maximizes NPVF, q¥ = qV.

Proor. See Appendix A.

There is a different way to state this theorem. If
the firm’s NPV-maximizing production plan requires
no working capital, q¥ € 2, it maximizes the share-
holders” wealth, that is, q¥ = q¥. However, if the
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NPV-maximizing production plan requires working
capital, @V < qV.

Thus, in evaluating the transition from an operating
plan q to a different operating plan q', the manager
must consider not only the change in wealth created
inside the firm, but also the implications for the
shareholders’ wealth of any resulting change in work-
ing capital requirements. Below we state this formally.
This finding has profound implications for the prac-
tice of operations management, as the subsequent
discussion and numerical examples will show.

CororLary 1 (Justifying Changes in the Production
Plan). Changing a production plan q with working capital
requirements  £(q) to a different production plan q'
with working capital requirements of £(q') increases the
shareholders’ wealth if and only if the wealth increase inside
the firm, NPV (q') — NPV (q), exceeds the opportunity
cost of the increased working capital —investment,
1,(2(q') - L(q))-

This presents us with two different ways to create
shareholders’ wealth: (a) we can increase NPV’ more
productively than the shareholders’ investments out-
side the security markets, or (b) we can decrease
NPV? if the freed working capital will result in a net
increase in shareholders” wealth. This is an important
result. Unlike in the NPV-maximization models of the
traditional literature, the cash requirement, through
its impact on the firm's productivity, has an effect on
the choice of the optimal operating plan.

Corollary 2 highlights the relevance of using capital
productively in the firm.

Corovrary 2 (Positive Firm NPV is not Sufficient for
Financial Viability). If the firm’s productivity, n(q), as-
sociated with any feasible production plan is lower than the
productivity of investments outside the security markets 1,
setting q¥ = 0 and liquidating the firm is optimal for the
shareholders.

We next illustrate the implications of the standard
securities economy analysis, and of the mixed con-
tracts economy analysis, by examining three
production alternatives under demand uncertainty.
Unlike the case of NPV maximization in the tradi-
tional model, the cash requirement, #’(q), now has an
effect on the selection of the production plan that
maximizes shareholders” wealth.

ExamrLe 3 (Evaluation of Production Alternatives).
Consider a single-product firm for which the joint
probability distribution of demand with the market
returns is as shown in Table 1. The firm is considering
three alternative production systems. The first, an
MTS system (see Example 1), requires an initial in-

vestment, [ at time t of $60. The variable cost of
production is ¢ = $1/unit. The next alternative, a Fast-
Response MTO system (see Example 2), requires a
larger investment, [ = $75. It has a capacity, ¢" = 100,
and a larger variable cost ¢ =$1.6/unit. In relation to
the MTS system, the MTO process eliminates over-
stocking /understocking risks, but it increases the
required investment and unit production cost. Under
the third alternative, labeled Asset-Light MTO, the
firm outsources production. This lowers the initial in-
vestment but increases the unit production cost.
Assume that this alternative has [=$32.23, and
¢=$1.80/unit. In all three cases, the sale price is
p=$2, and the firm recovers 75% of the investment at
t+1, 2 = 0.75. Table 1 also contains information on the
firm’s operating income for the three production sys-
tems. Table 2 summarizes the relevant variables for
the subsequent discussion.

If q =100, the expected cash flow from operations
in the MTS system, from Table 1, are EX = $28.0. If
demand is ¢ = 10, the cash flow from operations plus
with the salvage value of the initial investment is
—380 + (0.75)$60 = —$35. From Equation (4) the man-
ager must invest ¥ = $35/(1 + ;) = $34 in a risk-free
security at the beginning of the time period. The in-
vestors’ expected cash flow at the end of the period
is, from (6), EF = EX + (14 1r()Z + ol = $28 + $35+
$45 = $108. Using the information in Table 1 and
Equation (9) the cash flow beta is B =75 and, from (8),
we obtain V = $96.86. Hence the NPV created inside
the firm is NPV' =V — % —1=§96.86 — $34—
$60 = $2.86. The NPV that the shareholders could
have obtained outside the security markets (with the
investment required under this production alterna-
tive) is NPVY = (2 + 1) = 0.035($34 + $60) = $3.29.
Since this NPV is the shareholders’ opportunity cost
of the capital, this production alternative, although it
has a positive NPV inside the firm, actually reduces
the shareholder’s wealth by AW = —50.43,

The calculations yielding the remaining rows in
Table 2 are similar. It can readily be seen from the last

Table1 Joint Probabilities, Operating Cash Flows, and Summary
Information
Operating Cash Flows X
Fast-  Asset-

Market Returns MTS System Response  Light
Demand (5) 7. =-01 r.=03 g=10 q=100 MTO MTO
100 0.2 04 10 100 40 20
10 0.2 0.2 10 —80 4 2
=014 p=017

o, =0.038 r =003
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Table2 Summary of Financial Evaluation of Projects

Evaluation of Changes in Shareholders’ Wealth

EX i EF ! B v NPVF NPVO " AW
MTS System (q = 10) 10,0 0 55.0 60.00 00 53.4 ~ 660 210 11.0% -870
MTS System (g = 100) 28.0 34 108.0 60.00 75.0 96.9 286 329 3.0% —043
Fast-Response MTO 256 0 81.9 75.00 150 779 286 263 3.8% 0.24
Asset-Light MTO 12.8 0 37.0 32.23 75 36.1 286 1.13 8.9% 1.74

The calculations of NPV and AW assume 1 = 3.5%.
The asset recovery factor = = 0.75 for all three cases.

column in Table 2 that, for the MTS system, the pro-
duction quantity maximizing NPV is q¥ =100. In
fact, for the MTS System the shareholders’ wealth-
maximizing production quantity is zero, q¥ = 0; it is
best for the shareholders if the firm is liquidated.

Since the Fast-Response and Asset-Light alternatives
are MTO production systems, we have q = ¢ for both.
To see what is involved, note that the MTS system
using q¥ = 100 and the two MTO alternatives have an
identical NPV’ meaning that, in a securities-only
economy, all three would be equivalent. The fact that
the Asset Light production alternative generates the
same wealth inside the firm as the other two alterna-
tives that require only a fraction of the initial
investment would be altogether inconsequential.

In the mixed-contracts economy, the NPV that in-
vestors could have earned outside the securities
markets, NPVY, is obtained from (13). The produc-
tion system that maximizes the shareholders’ total
wealth is the Asset-Light MTO. [

The above comparison of the MTS and MTO sys-
tems shows that the shareholders’ wealth implications
of production delays are complex. In an MTO system,
we assume all production is initiated and delivered
after demand is observed. This eliminates inventory
risk, but not the demand risk. Even if production and
delivery are instantaneous, the firm’s cash flows have
financial risk induced by demand variability, and in
our model, the firm may have to hold cash. To see
why, consider that in addition to materials and other
variable costs, a firm needs infrastructure; it incurs
fixed operating expenses as part of its activities (see
Lederer and Singhal 1988). Even if suppliers deliver
the right quantities of materials instantly if and when
demand is materialized, and even if production and
delivery are instantaneous, there is still the possibility
that demand will not be large enough to generate the
cash flows to pay the factors providing infrastructure
and generating the fixed operating expenses.

The calculations of the MTS System can be re-
worked to illustrate that since the cash requirement,
¥, is invested at the risk-free interest rate, the wealth
created inside the firm, NPV, is insensitive to ¢. This
should not be surprising as risk-free cash is a zero-

NPV investment. However, cash requirements in-
crease the investment required and reduce the
productivity of capital of the firm. In this sense, hedg-
ing practices that reduce the firm’s cash requirements
can increase the shareholders'wealth by freeing up
capital that shareholders can use to invest outside the
securities markets. We investigate this implication in
the next section.

5. Implications of Financial Hedging for
Operating Policies

Hedging, both financial and operational, has been ex-
tensively studied in the operations management
literature as a mechanism for reducing the risk of
the firm’s cash flows. In this section, we consider
the possibility of using a financial hedge to modify the
cash flows to investors F, and examine its effect on
the optimal production plan and on firm value.

We denote as X the cash flow from the financial
hedge, and as F" the cash flows to investors in the
hedged firm. We denote as #"' the cash requirements
of the hedged firm. If we allow the hedging policy
(e.g., the mix of transactions and volumes) to change
as a function of the production plan q, the t+1 cash
flow to the investors of the hedged firm is given by
F(q) = X(q)+ (1+m)#H(q) + o + X" (q)

=K@ +X"(@) + 1+ 1) (£"(@) - Z(@)-
(15)

However, to obtain these cash flows, the firm will
incur the cost of the financial hedge at time t. We
denote as C! the cost of the financial hedge, and as
VH(q) the value at time t of F (q). The NPV created
inside the hedged firm, NPV", is given by

NPVH(q) = VH(q) — (I + £"(q) + C"(q))  (16)

If the financial hedge is priced correctly, the cost of
the hedge at time £ is C'! = E°X ", where the notation
EY indicates that the expectation is taken over a risk-
neutral (martingale) probability measure.

Since the value of the cash flows of the financial
hedge is equal to its cost C*, and since the cash flows
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from the hedge and the cash flows of the firm are both
priced correctly, the time f value of the financially
hedged firm is

Vi(q) = V(q) + C"(q) + 2" (q) % (q). 17)

From (17) and (16) it follows that the NPV of the
financially hedged firm, NPV (q), is identical to the
NPV created by the unhedged firm, NPVF(q), for any
operating policy q.

NPVH(q) = V(q) — (T + 2"(q) + C"(q))

(18)
=V(q) —I- £(q) = NPVF(q).

This result should not be surprising. The change in
the value of the firm arising from the hedge is exactly
offset in the NPV calculation by the cost of the hedge,
and changes in corporate cash holdings do not affect
the NPV created inside the firm. However, as we
show next, if the hedge reduces the firm’s total cash
requirements (the change in the necessary cash net of
the cost of the hedge), it increases the shareholders’
total wealth and, moreover, that it can alter the firm's
optimal operating plan.

Turorem 2 (Hedging Increases Shareholders” Wealth).
If (a) the productivity of investments outside the securities
markets is positive, n, >0, and (b) a financial hedge can be
selected so that M (q) + C(q) < 2(q), then (1) the cash
released increases shareholders’ total wealth. Moreover, if
LM (qY) + 4LCM (V) < &7 (q¥), (e, the warginal
increase in the /mdgud firm's cash requirements is less than
that for the unhedged firm) then (2) the shareholders’
wealth can be further increased by increasing the prodic-
tion plan from qv to q, with q¥ < g < qV.

Proor. See Appendix A

Hedging can have four effects on shareholders’
wealth and on the firm’s competitiveness. First, by
reducing the firm’s working capital requirements, it
can increase the shareholders’ total wealth. Second,
it increases the cash-free set, 7y, and potentially in-
creases the firm's ability to increase NPVF by
increasing q. Third, if by reducing working capital
requirements q¥ € 2, the hedged firm can operate
at its full NPV-maximizing potential, q¥ < q" = qV.
Finally, by increasing the productivity of the firm’s
capital, hedging increases the firm’s long-term
survival.”?

Even when a hedge results in an increase in pro-
duction, the optimal operating plan will never be
larger than the NPV-maximizing plan.

The magnitude of the benefit derived from hedging
hinges on the ability of the firm’s manager to tailor the
financial hedge to reduce the amount of cash needed
from Z(q) down to a f/’”(q) <L(q). This will happen

only if the cash flow of the financial hedge X" s
guaranteed to be positive for the demand outcomes at
and close to d,,.

The following example illustrates the twa different
ways that financial hedging can increase share-
holders” wealth. First, by lowering “downside risk,”
it can reduce the firm’s cash requirements and hence
its opportunity cost of capital NPVY. Second, by
reducing the cash requirements it increases the firm’s
productivity and, as Theorem 2 suggests, it allows the
firm to operate at a higher level of output. This
increases NPV'.

ExamrLe 4 (Impact of Hedging on Shareholders’
Wealth). Consider a firm producing a single-product
using an MTS production system (see Example 1). The
joint probability distribution of demand with the
market returns is as shown in Table 3. The product’s
sale price is $2 per unit, and the variable cost of
production is $1 per unit. No initial investment is
required, | = 0. Table 3 also contains information on
the product'’s demand and the firm’s operating
income. There is a traded security, S, whose payoffs
are correlated with the demand of the product as
shown in Table 3. We assume that a put option on
security S, with a strike price of $20 is also traded. This
option’s stochastic payoffs are shown in Table 3 in the
column labeled P(20).

The Unhedged Firm. The analysis of the unhedged
cash flows is similar to the illustrated in Example 3. In
this example, however, since I =0, the minimum
operating cash flow is —$80 when q = 100. We thus
have £(100) =80/(1 + ry) = $76.2. The remaining
calculations are reported in Table 4, and they reveal
that although the NPV -maximizing production plan,
q¥ =100, creates $20.2 of NPV inside the firm, it
increases the shareholders’ total wealth by only $8.8.
The shareholders’ total wealth-maximizing produc-
tion plan is @ = 10. Although this plan creates lower
NPVF, it results in a total wealth increase of $9.5.

The Hedging Plan. The hedging plan consists of
buying 1 units of P(20). To value the impact of using
the put, P(20), as a hedge, we must first calculate its
price. To this end, we first use Equations (9) and (8)
and obtain the value of security S, as $14.88. If we
denote as mgo and 7y the risk-neutral probabilities

Table3 Summary Information of Operating and Hedging Cash Flows

Market Returns

Demand (&) 7p=—01 7, =03 X(g=100) X(q=10)

§ P20
100 0.2 04 100 0 2 0
10 0.2 02 — 80 10 10 10

rp =0.14.
0% = 0.038r, = 0.05.
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Table 4 of P ion Plans

Production Plan  EX ¥ EF BV NPVF NPVO AW

q=10 100 00 100 00 95 95 00 95
q=100 280 762 1042 750 964 202 114 88

The calculations above assume 5, = 15%.

associated with the demand outcomes of 100 and 10,
respectively, it follows from the information in
Table 3 that the risk-neutral probabilities must satisfy
($20m100 + $10m10) /(1 +1¢) = $14.88, and 70 + 710
= $1. Solving these equations yields m = 0.5624,
and 7y = 0.4376. These probabilities imply that the
price of the put P(20), denoted as VP s
VP = ($0m100 + $10m10) /(1 + ry) = $4.17.

The Hedged Firm. In Table 5, we summarize the
relevant variables. Where applicable, the numbers in
parentheses under the column headings refer to the
equations used to define the corresponding variable.
The expected cash flow from operations EX is
obtained as in Example 3. The expected cash from
the hedge can be obtained from the information
in Table 3. For example, if we buy 8 units of the

put, =8, and the expected cash flow is E)?H
= 8(0.6 x $0 + 0.4 x $10) = $32.

Under plan q = 10, as Tables 3 and 4 show, the
unhedged firm requires no cash, #(10) = 0. Hence,
we select = 0 (since, as seen earlier, no hedging plan
can create wealth for the shareholders in this case).
However, for q = 100, we have #(100) = 80/(1 +r¢),
and each additional unit of P(20) that we buy (up to
i = 8) eliminates the need to hold $10/(1 + r) in cash
(since the put pays off $10 in the earnings shortfall
state). However, each unit of P(20) costs $4.17; thus, a
hedging plan with n=8 drives ¥/ to zero, but it
requires an initial investment of 8 x $4.17 = $33.36.

Under the plan q =100 and n =8, the expected
value EFH is obtained as ET-"” =EX +EXH {1+ 175)
M = $28.0+ $32.0 + 50 = $60.0.

The value of the hedged firm V¥ is obtained from
Equation (17)as V! = V + CH + &M — #. For the case
with q = 100 we obtain from Table 4 V = $96.4 and
& = $76.2; since the cost of P(20) is $4.17 per unit, for
1 =8 we have C"' = 8 x $4.17 = $33.36. Therefore, the
value of the hedged firm is V' =$96.4 + $33.36
+$0 — $76.2 = $53.56. To obtain the NPV created

Table5 Evaluation of Hedged Production Plans

Poducton  Hedging e v e

Plan Pan  EX EX' «F (15) (1) (16 NPVO AW
g=10 n=0 100 00 00 100 100 95 00 95
q=100 n=8 280 320 00 600 536 202 50 152

inside the hedged firm we need to subtract from the
value of the firm, V", the cost of the financial hedge,
CY, in addition to the initial investment and cash
requirements. Thus, NPVH =$53.56 — $33.36 — $0
~$0 = $20.2.

The Total Wealth Increase from Hedging. The
opportunity cost of the total capital invested, NPV,
is NPVO =y (I+ 2" + CM) = 0.15 x ($0 + $33.36 + $
0) = $5.0. Thus, for the q = 100 and 1 = 8 cases we
obtain AW = NPVF — NPV© =$20.2 — $5.0 = $15.2.
This is shown in the last column of Table 5.

Comparing AW in Tables 4 and 5 shows that for the
unhedged firm we have q = 10 with AW = $9.5. For
the hedged firm, we have q7 =100 leading to
AW = $15.2. Thus, the total shareholder wealth
created by hedging is $15.2 — $9.5 = $6.7.

Two Wealth Effects. It is instructive to decompose
the total wealth gains into two effects:

(@) Change in the opportunity cost of capital
NPVY: The change in the opportunity cost of
capital arising from hedging is the product of
1y times the total capital released corresponding
to the best unhedged and hedged production
plans, " and q", respectively. This is obtained as
n,(Z — 2" — CH) =0.15($0 — $0 — $33.36) = —$5.0.
Since the capital requirements actually increased,
there is a net loss of $5.0.

Change in the wealth created by the production
plan, NPVF: However, by hedging the cash flows,
the firm’s productivity under q =100 and n =8
increases, and the optimal production plan
increases from q" = 10 to g = 100. The increase
in NPV, from Table 4, is NPVF(q = 10) = $9.5.
From Table 5 we have NPV (q" = 100) = $20.2.
Since NPVF = NPV# for any production plan, the
increase in NPV resulting from the change in
production plans is NPV (g = 100) — NPVF(qV
=10) = $20.2 - $9.5 = $12.7.

(b

=

Combining the increase in the opportunity cost of
capital with the gains in the NPV created inside the
firm, we obtain —$5.0 + $12.7 = $6.7.

6. Contextual Positioning in the
Operations Management Literature

If we assume the firm operates in a securities
economy, the productivity of capital becomes irrele-
vant, and our results in the previous two sections
must be modified. As noted, it is not possible for any
shareholder to find positive-NPV investments outside
the firm. In our model, this is equivalent to assuming
i, = 0. If 5y, = 0, our model yields results that are well
known in the extant literature.
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If 5, =0, it follows from (13) that NPVY =0, and
the problem of identifying the shareholders’ wealth
maximizing plan, q%, formulated earlier in (14),
reduces to

W' =W(q") = maz(NPVF(q)

1}{133({V(q)—lllq o —2(q)}- (19)

Thus assuming 5, = 0 yields the well-known result
in finance that decisions that maximize NPV’
maximize the shareholders” wealth; q* = q~.

Note that if 5, = 0, it follows from the First Order
Conditions (see equation (A2) in the proof of Theorem
1 in Appendix A) that the firm’s cash requirements
Z(q) play no role in the selection of the optimal
production plan. This follows from the observation
that corporate cash, 2'(q), invested at the risk-free
interest rate produces zero NPV. Thus, from the
perspective of maximizing NPV/, the selection of the
optimal production plan, q¥ = qV, is unaffected by
7(q).

Operations Management researchers Singhal (1988)
and Lederer and Singhal (1988), among others, have
studied the selection of the production plan maximiz-
ing the NPV created inside the firm, NPV". By setting
i, =0 in our model, it is possible to replicate their
results.

In section 5, we justified financial hedging as a
means of increasing the shareholders’ wealth by
reducing the firm’s cash requirements. Equation (18)
indicates that the NPV created by a financially hedged
firm equals the NPV created without the financial
hedge for any production plan q. Thus if 5, = 0, and
hence NPVY = (0, financial hedging cannot create any
shareholders’” wealth. Moreover, Equation (18) implies
that the optimal production plan is unaffected by the
use of a financial hedge, so that q" = q" = q¥. This is
a well-known result in the finance theory.

Conversely, the results of sections 4 and 5 cannot be
obtained from models in the extant literature.

7. Concluding Remarks

In a mixed contracts economy the shareholders’ total
wealth depends on two effects —on the wealth created
within the firm, NPV/, by the firm’s investment plan
and on the investment plan’s productivity, defined as
the wealth created in the firm, NPV', per dollar of
capital that is needed to support the investment. This
definition of productivity is rich in the sense that it
captures the economic implications of interest rates
and the risk premiums (these are implicit in the
market’s valuation of the investment plan’s cash
flows). Productivity is important in a mixed contracts
economy because the capital required to generate
these cash flows depends not only on the cost of the

investment (e.g., machinery) but also on the amount
of riskless working capital that is required to
optimally provide the owners of non-traded contracts
their opportunity costs.

The numerical examples in sections 3 and 4 are the
first in the literature to show, within the valuation
framework, that the productivity of capital is relevant
for shareholders” wealth. Moreover, Example 4 shows
that even without the usual market frictions financial
hedging has shareholders’ wealth implications, and
that it can affect the optimal production plan.

As Examples 3 and 4 illustrate, production and
operations management practices that can lower the
firm’s working capital requirements (e.g., compare the
MTO system with the Rapid-Response MTO in
Example 3) and thus boost the firm’s productivity.
Similarly, operating practices, such as outsourcing,
that generate more NPV per dollar invested (compare
the Rapid-Response MTO with the Asset-Light MTO
system in Example 3), increase productivity. To the
extent that operations management and financial risk
management (hedging) can increase the firm’s
productivity, they increase the firm’s ability to survive
in a competitive environment. Moreover, by reducing
the amount of capital that shareholders must invest
within the firm, operations and risk management
practices allow the firm's investors to further augment
their wealth by pursuing wealth-creating opportu-
nities outside the markets.

Our results can be integrated seamlessly with real
options approaches. The underlying principle in the
real options approach is that if the cash flows of a
project can be replicated through a portfolio of traded
securities, the value of the project is the value of the
portfolio (a no-arbitrage argument). In this paper, we
value the cash flows using the APT. As a no-arbitrage
approach, our analysis is entirely consistent with the
real options approach. If the firm’s (or project’s) cash
flows (including the cash requirements #) can be
defined in terms of a set of traded securities (e.g.,
stocks, bonds, or a traded contracts on commodities),
they can also be valued using the real options
approach. In this case, more complex, dynamic,
operating decisions can be studied. However, since
operating risk will have to be evaluated period-by-
period, the cash requirements must be addressed
individually for each period. Even though the optimal
policies may not be myopic, the nature of our research
findings will not change. The difficulty (limitation) in
using the real options approach arises not from within
our model, but from the challenge of finding a
portfolio that replicates X(q).

In general, if we acknowledge the existence of
investments with positive NPV outside the security
markets, then 1, >0. In this case, as we have shown,
operations and risk management practices that lower
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working capital needs increase the shareholders’
wealth beyond what is captured by NPV’ However,
to obtain specific shareholders’ wealth-maximizing
operating policies, q", we require more information
about the magnitude of 7 . Further research is needed
in this direction.

Appendix A: Proofs

ProoF OF LEmma 2: Observe that R(q‘dm) is the con-
stant revenue generated by supplying d,. Hence
—X(q.d,,) is convex (non-decreasing) whenever C is
convex (non-decreasing). The result is immediate
from (5), and the fact that max(x,0) = (x)" is convex
and non-decreasing. [

PRrOOF OF LEMMA 3: Immediate since 2y is by definition
(7) a level set, specifically the zero level set, of —X(q.
d,,) — oI which is, by assumption, a convex or quasi-
convex function. [J

ProOF OF Lemma 4: Immediate from Definition 1 in
Appendix B. If f(d) = F and g(7.) = 1., then both fand
g are non-decreasing in (d.7,); hence F and r, are
positively correlated.  [J

Proor oF Lemma 5: We need to show that the partial
derivative of COV(F(q) 7,) with respect to g; is non-
negative for all i. From (10) above we obtain
J S
(,)—%cov(ﬂqL F)

(A1)
= / / F(Q)(Fe — ro)p(d. 7,)d d .

I 0 ()L?r

For each pmduct i we can define functions f(d) =

(;f, F(q) and g(F.) =7

(F(q = E[f(d)g(7. ] Function g(F,) is non-decreasing
and by Assumptmn (A2), f(d) is also non-decreasing.
Moreover, since (d. r.) are associated, it follows that

—qcov( (@).7) = E[f(d

+ — I, and we can write ;—COV

)] > Ef(d)Eg(.) =0,

where the last follows

=Ef]-r.=0. O

equality from  Eg(r.)

Proor oF Lemma 6: We examine the two cases sepa-

rately.

(a) Immediate from Lemma 5.

() If q > dy, then %F(q) is independent of the re-
alization of d (i.e., it is constant in d), hence

#COV(F(q). 7.) = COV(F(q).7.) =0. O

94,

Proo¥ oF THEOREM 1: It follows from (14) that any non-
zero feasible production plan must satisfy the follow-
ing first order conditions in order to qualify as a
maximizer of the shareholders” wealth increase.

) 0
—NPVf(q) - =—NPV9q) =0

o VPV (@) — 5 NPVO(a)
where
) PO re—1t5 8 N
ag NPV (@) = 5 EX (@) - aCov(X(q ;)
and
J J

0 :
()q’NPV (q) =1, 1+r,)aq,L(q)
(A2)

It follows from Lemma 1 that "] Z(qV) > 0. Hence,
the claim that g% < g follows from the observation
that ;zNPV®(q) > 0, and if marginal changes in pro-
duction plan q" require no cash, L’ #(q¥) =0, implies
ZNPVY(q) = 0 for all i leading % qv=qv. O

aq;

Proor oF Treorem 2: Claim (1) is immediate from the
assumption that 5 >0. To prove claim (2) redefine
W* in (14) as the maximization of NPV (q) — 1,
(I g0y + 2"(q) + CM(q)). It follows from (18) that
the first order conditions for the modified problem
become

J —r5 0

(,q,Exm) = WCOV( (@) %)
ad

d epH H
_z;“(1+z/)<)q1 (a)+5-C (q))-

Claim (2) follows from comparing the first order
conditions in the proof of Theorem 1 with (A3). [

(A3)

Appendix B: Statistical Assumptions on
Product Demand

To characterize the impact of changes in the produc-
tion plan on risk adjustments, it is useful to establish
monotonicity properties of the covariance (positive or
negative) of the cash flows to investors with the re-
turns of the market in response to increases in the
production plan.

First, we note that assuming demand is positively
(negatively) correlated with the returns of the market is
not sufficient to guarantee that the cash flows to in-
vestors are positively (negatively) correlated with
market returns. If demand is positively (negatively)
correlated with demand, we can guarantee the cash
flows from operation will be positively (negatively)
correlated with the market only for the special case
where X is linear and increasing in d. This presents
analytical problems because, as in Examples 1 and 2, it
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is very common for operations management models to
produce non-linear cash flows.

To illustrate this point, we present next a simple
instance of Example 1 in which, although demand and
market returns are positively correlated, the resulting
cash flows are negatively correlated with market re-
turns; in fact, their covariance and coefficient of
correlation are non-monotonic in the production plan.

Exawmrie 5 (Correlation of Demand vs. Correlation of
Cash Flows). Consider a MTS production system (Ex-
ample 1) with a single product. The unit sale price, p;,
is $2, and the cost of production, ¢y, is $1/unit. If the
joint probability distribution of demand and market
returns is as shown in the last three columns of Table
6, we can readily calculate the coefficient of correla-
tion between demand and market returns as 0.29.
Now consider an operating plan that consists of pro-
ducing 20 units, g1 = 20. The cost of production is $20,
and the cash flows of operations, X, is 0, 20, and 20
when demand is 10, 20, and 30 units, respectively. The
coefficient of correlation between the cash flow from
operations X(20) and the returns of the market can be
calculated as —0.22. Thus demand and market re-
turns are positively correlated while the resulting cash
flows from operations are negatively correlated with
the market returns. We can obtain similarly the cash
flows for q; = 10 and g; = 30 and their respective co-
variances and correlation coefficients as shown in the
second and fourth column of Table 6.

Similar examples can be constructed in which the
demands of two different products are positively cor-
related, and yet their individual cash flows from
operations are negatively correlated (and vice versa).
Clearly, this presents serious analytical problems in
the characterization of the cash flow beta B, as a func-
tion of the production plan q. In this regard, we
introduce below the concept of association of random
variables and Multivariate Totally Positive of Order 2
MTP; distributions as sufficient conditions to induce
monotonicity properties on the cash flow beta,

Derinimion 1 (Associated Random  Variables) (Esary
et al. 1967). Let x = (xy,...,x,) € R" be a vector of

Table6 Joint Probabilities and Correlations

random variables. The random variables (xi,....: iy )
are said to be associated if the inequality

Elf(x)g(x)] = Elf(x)[E[g(x)]

is valid for any non-decreasing functions fand g.  [J

It is clear from Definition 1 that if two random vari-
ables are associated, they are positively correlated;
however, as Example 5 above illustrates, the converse
need not be true. It is not clear from the above defi-
nition how one can determine if a set of random
variables are associated. In this regard, the class of M
TP, distributions is of interest for this research because,
if the joint probability distribution of a set of variables
is MTP-, then, the random variables are associated.

DEefrINITION 2 (MTP, Distributions). Let x = (x;.....2 Xp)
ER.y=(.....yy) €R", and define xVy = (max
(P i )iy max(x,.¥y)), and xAy = (min(x;, ).
....min(x,,y,)). If ¥ is a multivariate density func-
tion, we say i is MTP; if

YxVyW(xAY) > ply) (B1)

forevery xe R"and y € R". O

A sufficient condition to guarantee that a set of
random variables are associated is that they follow an
MTP; probability distribution (Karlin and Rinott
1980). The class of MTP; distributions has also been
studied in Barlow and Proschan (1975), Karlin and
Rinott (1981), and Shaked and Shanthikumar (1994)
and, from that research stream, we can determine if a
given probability distribution is MTP> and hence if its
corresponding random variables are associated. For
example, if the joint probability distribution of (d.7,)
is multivariate normal, it is MTP; if and only if the off-
diagonal elements of — " are all non-negative, where
T is the covariance matrix of the joint probability dis-
tribution. In this case, (d.r,) are associated.

Operating Income X(gy. 5)

Joint Probabilities

Demand (<) ¢ =10 ¢ =20 g =30 For=—01 r. =00 fe=-01
30 10 20 30 0 0 0.2
20 10 20 10 0.4 0 0
10 10 0 10 0 0.4 0
Covariance 0.16 0 0.16 0.32
I 0.29 0 -022 0.29
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Notes

'Shiller (1993, 2003) argues the need to extend the tradi-
tional finance analysis to reflect investment opportunities
outside the markets.

There are fundamental differences between securities and
non-traded factor contracts, and it has been noted (see, e.g.,
Grossman 1995) that recognizing these differences can have
important economic implications. In fact, Coase (1992), in
his Nobel address, suggests that bringing in the role of the
factors into the theory can shed new light on the institu-
tional structure of production.

“Rao and Bharadwaj (2008) have examined the implications
of a mixed contracts economy in the context of marketing
decisions; unlike this paper, they abstract from investors’
risk aversion and the endogenous determination of the
firm’s optimal policies.

“Derivatives and partial derivatives should be interpreted
as directional derivatives when the functions are not differ-
entiable, or as finite differences when the functions are
discrete. At points where the functions are not differentia-
ble, partial derivatives should be replaced by the sub-
differential (the set of sub-gradients) of the function at
that point. In this case, the first order necessary conditions
for x* to be a maximum of a function f should be restated
to require that 0 is an element of the sub-differential of —fat
x* (Rockafeller 1970). To keep the exposition focused on
economic and managerial issues, we abstract in our presen-
tation from these technical issues when they are of no
consequence.

®There is empirical evidence backing this claim. Longstaff
(2004) and Eldor et al. (2006) compare the pricing of risk-free
traded securities (T-bills) with the pricing of highly illiquid
twin securities (with identical payoffs) and are able to
quantify positive “flight-to-liquidity” premiums validating
empirically the existence of significant non-tradability pre-
miums even in the absence of risk.

“Bajaj et al. (2001) find that there is a discount for privately
held ownership. They provide estimates of the non-
tradability premiums (termed marketability discounts in
their paper). In Table 2, they report premiums varying from
20% to 34% and they suggest that one of the factors that
affect the magnitude of the premium is the firm’s “business
risk.” The US. Tax Court in Gross v. Commissioner 272
F3d.333 (6th circuit November 19, 2000) accepted the
authors” conclusions.

“It is important to note that E“f}/ () is well-defined as long
as the underlying cash flow distribution f§ () can be rep-
licated with existing (traded) securities. However, one
cannot equate E“fY () with the value of f}/(w) unless f} ()
is generated by a traded security.

"It does not matter whether this cash is obtained from
shareholders or creditors. The point is that irrespective of
the source of these funds the firm must hold them on the
balance sheet.

“Two strands of economics research (cash-in-advance mod-
els and overlapping generations models) admit cash into the
theory by imposing an ad foc exogenous requirement that
some transactions can only be executed with cash (see, e.g.,
Kiyotaki and Wright 1989).

"We focus on the analysis of production decisions leading to
cash flows positively correlated with the market returns as this
is the most common case. The case where the cash flows are
negatively correlated with market returns mirrors the positively
correlated case, and it arises when (d. —7,) are associated.

""To rationalize the co-existence of positive NPV ownership
positions in private businesses simultaneously with invest-
ment positions in public firms, we assume that positive NPV
ownership opportunities in private firms are limited in size.

’The notation q > 0 is interpreted here to mean that at least
one g; is strictly positive.

“In a competitive economy the mere ability to generate
positive NPVs is insufficient for long-term survival. The
firm must also generate this NPV most productively, or it is
destined to be displaced by competition.
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