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Abstract. Problem definition: We examine how the presence of capital market frictions in-
fluences the decision to invest in production cost reduction and the resultant production
volume. This investment can increase the firm’s cash flow by increasing the profit margin,
but it can also decrease the firm’s risk-free cash reserves and thus affect its exposure
to capital market frictions. Academic/practical relevance: Process improvement aimed
at production cost reduction has generated myriad of theoretical questions about effi-
cient investment options and capacity choices. From a managerial perspective, process
improvement is a fundamental concern in operations strategy. Nevertheless, its analysis
typically excludes financial constraints by assuming a perfect capital market. Method-
ology: We formulate a two-stage profit maximizationmodel in which a capital-constrained
firm commits to a cost-reduction investment in the first stage in anticipation of its pro-
duction decision in the second stage of this two-stage decision process. The firm considers
capital market frictions when making decisions at each stage, while considering un-
certainty in demand for its offering and in reducing its unit production cost.Results: When
a firm faces small initial capital and low preinvestment unit production costs, it can benefit
from investing in production cost reduction in the presence of capital market frictionsmore
so than in their absence. Moreover, uncertainty in the production cost reduction mitigates
the impact of market frictions on the net benefit (i.e., additional profit), whereas demand
uncertainty decreases the feasible parameter space, where investing in production cost
reduction is optimal. Managerial implications: A firm’s decision to invest in production
cost reduction affects its operational and financial capabilities. Managers should thus
consider this investment as an operational hedge not only against the uncertainty of
matching supply and demand but also against exposure to capital market frictions and the
resultant financial risk.

Supplemental Material:Online appendicesA and B are available at https://doi.org/10.1287/msom.2019.0814,
and online appendices C, D, and E are available at http://dx.doi.org/10.2139/ssrn.3370251.

Keywords: cost-reduction investment • operational hedging • capital market frictions • OM-finance interface

1. Introduction
Production process improvement aimed at cost re-
duction is a common management decision, which
raises theoretical questions about the firm’s efficient
investment options and capacity choices (Balcer and
Lippman 1984, Li and Rajagopalan 2008). From a
management perspective, process improvement, par-
ticularly unit cost reduction in production, has been
identified as “a fundamental concern in operations
strategy” (Van Mieghem and Allon 2015, p. 402) and
scholars often link the corresponding investment
decisions with production quantity choices (e.g.,
Terwiesch and Bohn 2001, Kouvelis and Tian 2014).
Moreover, work on production process improvement
often assumes that a firm has sufficient resources to
fund production, or that it can acquire these resources
without any capital market frictions (e.g., bankruptcy

costs, information asymmetry, transaction costs;
Froot et al. 1993). Consequently, studies of produc-
tion quantity decisions typically exclude financial
constraints (e.g., Petruzzi and Dada 1999). But what
happens if a manager facing capital market frictions
invests in production cost reduction in anticipation
of the production decision? We explore this question,
which, thus far, has not been investigated.
Firms have invested to reduce production costs in

various software, facility, or product update technolo-
gies, such as smart machines (e.g., facility machines
fitted with sensors), electronic log and prognostics al-
gorithms, automatic probing and inspection, multi-
tasking, cutting and drilling, robotic automation, 3D
sensing, and digital manufacturing (Gordon 2005).
Furthermore, motivated by the recent developments in
digital technologies, firms are expected to invest in smart

1
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manufacturing initiatives with an estimated $115 bil-
lion mostly in asset utilization, throughput/efficiency,
and quality assurance for 2018 (IDC 2018). In partic-
ular, businesses that invest in technologies to reduce
operating costs gain significant advantages over their
competitors, particularly in manufacturing, because
acquiring and processing production data through
investment in production capability have emerged
as key factors in determining competitive standing
(e.g., Brooks 2017). Therefore, firms consider cost-
reducing process investments to generate operating
cost advantages related to their size or manufactur-
ing volume.

In our fieldwork, we observed a similar strategy
whereby firms consider production process improve-
ment as a key operational concern. For instance, man-
agers at Faradox Energy Storage, an Austin, Texas-
based high-tech startup, acknowledged that although
the cost-reducing process of research and development
was expensive with highly uncertain returns, it was
crucial for survival and long-term growth in a highly
uncertain market. Similarly, the founder of Bigfoot Net-
works (bought by Qualcomm in 2011), a startup that
provided microchips to reduce online game lag and la-
tency, had expressed his commitment to reducing unit
manufacturing costs, even though his two major con-
cerns were product demand and access to capital.
Bigfoot Networks first had to decide whether to invest
in a technology that could reduce its unit production
cost with uncertain performance results, followed by a
production decision with uncertain future demand for
itsmicrochips. BigfootNetworks, a startup also short on
capital, had relied on external funds to run the business.
Its founder knew that he had to make good use of
existing funds and if the cost-reduction investment
proved successful, he could access more funds in the
future and possibly at a lower cost.

From this anecdotal evidence, we can infer the key
trade-off that firms face when contemplating pro-
duction process improvements: Investing to reduce
the unit production cost will enhance the net unit
profit margin, which can subsequently decrease a
firm’s financial risk, but it will also reduce the firm’s
risk-free capital, thus increasing its financial risk.
Given these two counteracting effects, firms must
consider cost-reduction investment as an operational
hedge against both the uncertainty of matching their
supply and demand, as well as their exposure to
capital market frictions. To better understand the
impact of the cost-reduction investment decision on
the net benefit—additional profit—wemust formalize
two related effects. The first is a positive operational
effect associated with an increase in the firm’s profit
margin because of production cost reduction. The
second effect, which can be positive or negative, is a
capital market friction effect (hereafter friction effect),

which captures the change in financing costs due to
these frictions when a firm must rely on external
funds for production. Whereas a net increase in the
cost of external funds (i.e., a negative friction effect)
will reduce the firm’s net benefit from investing, a net
reduction in these external funds’ costs (i.e., a positive
friction effect) will increase that benefit.
Although the operational hedging literature (e.g.,

Van Mieghem 2003, Weiss and Maher 2009) has in-
vestigated the abovementioned operational effect
(i.e., increases in profit margins due to production
cost reduction), few scholars have explored the fric-
tion effect associated with cost-reduction investment
decisions amid capital market frictions; notable ex-
ceptions are Boyabatli and Toktay (2011) and Iancu
et al. (2016) in the context of flexible capacity choice.
We thus extend this emerging literature by asking:
(1)Under what conditions should a firm invest in reducing
its unit production cost in the presence of capital market
frictions? (2) How will the level of capital market fric-
tions affect the net benefit from cost reduction invest-
ments? (3) How will the level of demand uncertainty af-
fect the cost-reduction-investment decision in the presence
of capital market frictions? And (4) How will the un-
certainty of the unit production cost reduction per
dollar invested (hereafter production-cost-reduction un-
certainty) condition the capital market frictions’ impact?
We explore these questions by formulating a two-
stage profit-maximization model, where a capital-
constrained firm facing capital market frictions
must first decide whether to make a production-cost-
reduction investment in anticipation of a produc-
tion decision.
By exploring ex ante cost-reduction investment de-

cisions, while factoring in capital market frictions,
this article contributes to the literature in several
ways. First, we show that, through a combination of
analytical and numerical studies, a threshold invest-
ment policy is optimal, and the investment threshold
increases with the level of capital market frictions.
Next, we separate the cost-reduction investment’s
operational effect on firm profit from the friction effect,
and we identify conditions under which the friction
effect is positive. In other words, we propose that
the cost of using external funds decreases because of
a production-cost-reduction investment when the
firm’s initial capital is small, the unit production cost
is low, and its cost reduction per dollar invested is
large. We also identify the conditions under which a
firm can achieve greater net benefits (i.e., realize more
additional profits) from a cost-reduction investment
in the presence of capital market frictions than in their
absence (i.e., a perfect capital market), again due to a
possible positive friction effect, resulting in reduced
costs of external funds. Extant operational hedging
literature has not explored whether this positive
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friction effect exists and how it interacts with the
operating characteristics of a firm. We numerically
show that when the friction effect is positive, a firm
with more initial capital benefits less from investing
than a firm with less initial capital, because by low-
ering the friction effect, more initial capital can sub-
stitute the aim of the investment, which is to mitigate
the firm’s exposure to capital market frictions.

Furthermore, our exploration of uncertainty in pro-
duction cost reduction, in which the unit production
cost reduction per dollar invested is a random variable,
suggests that this uncertainty can mitigate the impact of
capital market frictions on a firm’s net benefit from
investing in production cost reductions. Specifically,
if the friction effect is positive and thus eases thefirm’s
access to external funds (by reducing their costs), then
the friction effect is smaller with more production-
cost-reduction uncertainty than with less such un-
certainty. However, if the friction effect is negative
and thus worsens the firm’s access to external funds
(by increasing their costs), then as long as the initial
unit production cost is not too steep, the friction ef-
fect is smaller in its absolute value—and thus less
negative—with more production-cost-reduction un-
certainty than with less such uncertainty. We also
identify conditions under which introducing capital
market frictions produces a larger net benefit from
investing in production cost reduction with more
uncertainty in that reduction thanwith less uncertainty.
Thus, we offer new insights into the interaction of
production-cost-reductionuncertainty and capitalmarket
frictions, insights that complement thework of Boyabatli
and Toktay (2011) and Iancu et al. (2016), who have
focused instead on demand uncertainty and opera-
tional flexibility in the presence of such frictions.

2. Literature
We posit that a firm’s decision to invest in reducing
its unit production costs can serve as a two-pronged
operational hedge against (1) matching supply and
demand, and (2) managing exposure to capital market
frictions. Therefore, we divide the relevant literature
into four streams (see Table 1): articles that discuss

operating decisions in perfect (i.e., no frictions) and im-
perfect (i.e., with frictions) capital markets, and operating
decisions with and without operational hedging.
The left column of Table 1 represents the relevant

literature under perfect capital markets in which a
firm can make separate operational and financial
decisions. The decision to invest in either capacity
growth or production cost reduction in these set-
tings often leads to a threshold policy based on op-
erating choices (see, e.g., Balcer and Lippman 1984,
Rajagopalan 1998, Carrillo and Gaimon 2004) in the
absence of capital market frictions (Table 1, top-left
quadrant). In the operational hedging literature, risk-
mitigating operational decisions are explored in per-
fect capital markets (Table 1, bottom-left quadrant).
This literature thus abstracts from the financial im-
plications of operational hedging decisions, including
a firm’s ability to access capital and the resultant cost
of external funds, because capital markets are assumed
to be perfect (Huchzermeier and Cohen 1996, Boyabatli
and Toktay 2004, Chod et al. 2010, Dong et al. 2014). In
contrast to the literature on operational decisions in
perfect capital markets (Table 1, left column), we ex-
amine the conditions under which investing in pro-
duction cost reduction can create value in the pres-
ence of capital market frictions. Our analysis herein
also relates to the work of Tanrisever et al. (2012),
which shows that production process investment
should be coupled with production decisions in the
presence of survival constraints and fixed financing
costs. Although our investment type is similar to that
of Tanrisever et al. (2012), our financial setup and its
implications differ. We endogenize the financial con-
straints and explain how production-cost-reduction in-
vestment can affect the cost of external funds and can
create a hedge against a firm’s exposure to capital
market frictions.
The right column of Table 1 shows studies that

address the imperfect capital market condition,
wherein operational and financial decisions are jointly
considered by factoring in various capital market
frictions. The top-right quadrant illustrates these de-
cisions without considering the option of operational

Table 1. Classification of Relevant Literature

Perfect capital market Imperfect capital market

Operational decisions
without hedging

Balcer and Lippman 1984, Xu and Birge 2006, Dada and Hu 2008,
Rajagopalan 1998, Babich 2010, Kouvelis and Zhao 2011,
Carrillo and Gaimon 2004 Luo and Shang 2014, Tanrisever et al. 2015,

Alan and Gaur 2018, Tunca and Zhu 2018,
Reindorp et al. 2018, Yang and Birge 2018

Operational decisions
with hedging

Huchzermeier and Cohen 1996, Boyabatli and Toktay 2011,
Van Mieghem 2003, Iancu et al. 2016
Boyabatli and Toktay 2004, (This article fits here)
Weiss and Maher 2009, Chod et al. 2010,
Tanrisever et al. 2012, Dong et al. 2014
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hedging. Kouvelis and Zhao (2011) explore optimal
contracting for a supplier with a retailer in a news-
vendor setting in the presence of bankruptcy costs.
Similarly, Alan and Gaur (2018) examine the effect of
bankruptcy costs and information asymmetry on the
firm’s operating plans under asset-based lending.
Scholars also consider the role of trade credit (Luo and
Shang 2014, Yang and Birge 2018) and supply chain
finance (Tanrisever et al. 2015, Reindorp et al. 2018,
Tunca and Zhu 2018) in the supply chain contracting
context. In addition, Xu and Birge (2006) and Dada
and Hu (2008) provide formal newsvendor models to
account for a bank-firm interaction, whereas Babich
(2010) considers financial subsidies from manufac-
turerswithout exploring the hedging option. Scholars
who consider underproduction (e.g., Kouvelis and
Zhao 2011) show that capital market frictions lower
the optimal critical fractile.

The literature on operational decisions with both
hedging and capital market frictions (Table 1, lower-
right quadrant) explores how the operational hedging
decision is conditioned under these frictions, if pres-
ent. More recently, Iancu et al. (2016) examine the
value of operating flexibility in the presence of capital
market frictions and debt covenants. Theyfind that by
providing risk-shifting incentives, operating flexibil-
ity can substantially increase borrowing costs. They
also argue that proper debt covenants can be designed
to mitigate the impact of capital market frictions and
restore firm value. Although we consider neither risk-
shifting nor agency problems, we explore an alterna-
tive that complements investment choice and operating
flexibility. We identify conditions when production-
cost-reduction investment can increase or decrease
the cost of external funds in the presence of bank-
ruptcy costs.

A comparison of our setting with that of Boyabatli
and Toktay (2011) is also instructive. They investigate
a firm’s technology-selection decision with endoge-
nous interest rates (determined by the lending bank)
and show how capital market frictions condition this
decision. In particular, these frictions can alter the
capacity-investment decisions to move from a dedi-
cated to a flexible technology, owing to the interplay
between the financial-pooling benefits of both tech-
nologies and the capacity-pooling benefit of only the
flexible technology. In addition to considering the
endogenous cost of borrowing, our model also ex-
plores investment in production cost reductionwhere
(1) the reduction per dollar invested can be uncertain
and (2) the firm can borrow to fund production in
anticipation of uncertain demand. We can then char-
acterize when the cost of using external funds in-
creases or decreases based on the resultant operating
conditions following the production-cost-reduction
investment. We also characterize the conditions under

which greater capital market frictions increase the
net benefit from investing in production cost re-
duction, and how cost-reduction uncertainty might
affect this relationship.

3. Model and Structural Properties
We formulate a two-stage decision-theoretic model
with three crucial time points. Figure 1 summarizes
the time line of events and decisions at t∈ {1, 2, 3}. Spe-
cifically, at t = 1 the firm possesses initial capital y1,
including cash, cash equivalents and fixed assets that
can be used as risk-free borrowing collateral. At t = 1
the firm must decide whether to invest an indivisible
amount A to reduce its unit production cost. This
production-cost-reduction investment could require
the firm to build a pilot plant or purchase new equip-
ment to streamline the production process and re-
duce the unit production cost. This investment con-
sumes a portion of the firm’s initial capital during
the investment stage (stage 1) and increases the need
for external funds for the production stage (stage 2).
Investing in production cost reduction also generates
returns at the end of stage 1 by (linearly) reducing the
firm’s unit production cost c1 for stage 2 (e.g., Gupta
and Loulou 1998, Tanrisever et al. 2012). Formally,
c2 � c1 − βA, where c2 (<c1) is the reduced (positive)
unit production cost for the production stage. The
parameter β ( ∈ [0, c1A]) is the unit production cost re-
duction per dollar invested. We later transform this
marginal return into a randomvariable to examine the
impact of cost-reduction uncertainty on this deci-
sion problem.
At t = 2, the production stage begins. If the firm in-

vests in production cost reduction, it is left with only
the remaining capital, y2 � y1 − A≥ 0; if the firm does
not invest, it holds y2 � y1. At this time point, the firm
must also select a production quantity q, while con-
sidering a random demand ξ, where q is based on the
unit production cost c2 and remaining capital y2.
Unless otherwise stated, we assume that regardless of
the investment decision, initial capital is insufficient
for the production stage,which is common for capital-
poor startups (e.g., Brealey et al. 2016). The firm thus
requires external funds amounting to c2q − y2 to fi-
nance its production q. We assume that the firm and
the bank share the same information about demand ξ
and unit production cost c2.
Given the firm’s investment and production de-

cisions, at t = 2, the bank issues a loan with a certain
face value, F(q), which depends on the loan’s principal
amount, L(q) � c2q − y2, bankruptcy risk, and capital
market frictions, such as bankruptcy costs. Bank-
ruptcy costs may include direct costs, such as ad-
ministrative and legal fees, and indirect costs, such as
a loss of revenues, if the firm’s operations are inhibited
under financial distress (Brander and Lewis 1988).
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In the literature, these costs are typically modeled
either as a fixed cost (e.g., Blum 2002) or as a frac-
tion of the firm’s residual asset value (e.g., Leland
1994, Leland and Toft 1996, Lai et al. 2009). More
recently, Kouvelis and Zhao (2011, 2015) include both
fixed and proportional bankruptcy costs in their
models. For expositional clarity, we model bank-
ruptcy costs as a proportion of the firm’s revenue,
where the revenue amounts to pmin(q, ξ) with p sig-
nifying the unit sales price and, as defined above, ξ
representing the uncertain demand. We refer to
γ∈ [0, 1] as the capital-market-friction proportion, that is,
the proportion of revenues lost in the bankruptcy
process.

At the loan maturity point t = 3, the uncertain de-
mand ξ and revenue are realized. If the firm generates
enough revenue, then the bank recovers the loan’s full
face value F(q). Otherwise, the firm goes bankrupt and
the bank receives p min(q, ξ) minus the bankruptcy
cost γp min(q, ξ). The bank’s cash flow, denoted by χ,
is thus

χ �
{

F(q) if F(q) ≤ p min(q, ξ)
(1 − γ)p min(q, ξ) if F(q)> p min(q, ξ).

Without loss of generality, we assume that the risk-
free rate is zero. Accordingly, in a competitive fi-
nancial market, the loan is priced, meaning that F(q) is
determined such that the expected return to the bank
equals zero (e.g., Xu and Birge 2006). Thus,

Eξ[χ] � L(q) (1)

or, using an indicator function I{.},

Eξ{min[p min(q, ξ),F(q)]}
− Eξ

{
γp min(q, ξ)I{p min(q,ξ)≤F(q)}

}
� L(q). (2)

Similarly, the firm’s net cash flow at t = 3 is

pmin(q,ξ)+L(q)− c2q−min[pmin(q,ξ),F(q)]−A. (3)

If the firm generates enough revenue and stays afloat,
it receives the revenue plus loan principal and pays

the production costs and loan’s face value. If the firm
declares bankruptcy, then the bank takes all its rev-
enue. The firm’s net cashflow is thus given by the cash
flow at t = 3 net the investment cost.
From applying the expectation operator and using

Equation (2), the firm’s profit-maximization problem
at the start of the production stage, after having
invested amount A during that stage, is

πA � maxq
{
Eξ [p min(q, ξ)] − c2q

− Eξ[γp min(q, ξ)I{p min(q,ξ)≤F(q)}]
}
− A. (4)

The term Eξ[γp min(q, ξ)I{p min(q,ξ)≤F(q)}] represents the
expected bankruptcy cost that we also denote by K(q);
for notational brevity we suppress the dependence of
K on all other variables except production quantity q.
Prior to characterizing the properties of K(q) so as
to analyze the equilibrium production quantity, we
present a series of assumptions to construct the base-
line model. Specifically,

Assumption 1. Demand ξ follows a uniform probability
distribution with support [0, a].

Assumption 2. Maximum revenue exceeds the loan’s face
value adjusted by the capital-market-friction proportion,
ap> (1 + γ)F(q).
Assumption 3. The firm receives a loan to produce quantity
q only if qp> F(q).
We follow the lead of Marschak et al. (2015) for

Assumption 1 because doing so enables analytical
tractability. Our main insights hold under various
probability distribution functions, but analytical trac-
tability is greatly curtailed (e.g., we numerically con-
firmed the robustness of our results under a normal
distribution, as detailed in Online Appendix B.3).
Assumption 2 states that the maximum possible rev-
enues ap will be enough to pay the loan’s face value
adjusted by the capital-market-friction proportion.
When γ � 0, expectedly the maximum revenue should
be greater than the loan’s face value because otherwise
the firm will default and thus the bank will not issue

Figure 1. Timeline of Events and Decisions
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the loan. In the presence of capital market frictions, the
bank anticipates the bankruptcy costs and demands a
tighter condition to issue a loan as given inAssumption 2.
Similarly, Assumption 3 stipulates that, given produc-
tion quantity q, the bank will provide a loan only if
the revenue when all goods are sold, qp, is sufficient to
recover the loan’s face value. Assumptions 2 and 3 are
both weak and rule out cases where issuing loans
would be inefficient.

3.1. Equilibrium Production Decision
Under the above three assumptions, we derive the
equilibrium profit and production quantity. As a first
step, we establish that the expected bankruptcy cost
K(q) is positive (as is expected) and is an increasing
convex function of the production quantity q. For-
mally (all proofs appear in Online Appendix A),

Lemma 1. Expected bankruptcy cost is characterized as
K(q)> 0, ∂K(q)/∂q> 0 and ∂2K(q)/∂q2 > 0.

The expected bankruptcy cost increases (at an in-
creasing rate) in q because, as the production quantity
increases, so do the required loan amount and exposure
to capital market frictions. The convexity of K(q) leads
to a unique equilibrium production quantity that
maximizes the firm’s (expected) profit. Formally,

Proposition 1. When a firm chooses to invest amount A to
reduce its unit production cost, the equilibrium production
quantity qA and the loan’s face value FA are derived by si-
multaneously solving

p
[
1 − qA

a

]
− [c1 − βA] � γ

ap
FA

− [1 + γ] [c1 − βA], and (5)

Eξ[min (p min(qA, ξ),FA)]
− Eξ

[
γp min(qA, ξ)I{p min(qA,ξ)≤FA}

]
� c2qA − y2. (6)

Proposition 1 characterizes the equilibrium produc-
tion quantity qA when the firm invests amount A, in
which case the expectedprofit isπA � Eξ [pmax(qA, ξ)] −
c2qA − K(qA) − A. When the capital market is friction-
free (γ � 0), Equation (5) describes a classic news-
vendor solution, yet from Equation (6) the firm still
borrows and pays interest. When the firm does not
invest, Proposition 1 still applies and the equilibrium
production quantity q0 and loan’s face value F0 are
derived by setting A � 0 in these equations.

Investing in production cost reduction has two
crucial effects on the production quantity: (1) a direct
operational effect captured by the reduction in the unit
production cost (from c1 to c1 − βA � c2) and (2) an
indirect friction effect which reflects the impact of
capital market frictions. Next, we describe the equi-
librium critical fractile, denoted CF(qA), which for-
malizes these two effects on the production quantity.

Corollary 1. When a firm invests amount A to reduce its
unit production cost, the critical fractile that characterizes
the equilibrium production quantity is

CF(qA) � p − [1 + w(qA)][c1 − βA]
p

, where

w(qA) � γ
ap
FA

− [1 + γ]. (7)

In Corollary 1, we note that w(qA) reflects the re-
duction in the critical fractile, and hence a reduction in
the production amount, due to capital market fric-
tions. This quantity monotonically decreases with
increases in these frictions and becomes zero when
the capital market is perfect (i.e., γ � 0). If the net
effect of investing results in an adjusted unit cost
below c1, that is, if [1 + w(qA)][c1 − βA]< c1, then the
equilibrium production quantity qA exceeds q0.

3.2. Impact of the Investment Decision: Operational
and Friction Effects

We have so far examined the equilibrium production
quantity decision (at t= 2).We next explore the impact
of the investment decision (at t = 1) on the firm’s
profitability and financing costs in equilibrium. For
this purpose, we return to Proposition 1 and define
two key metrics that characterize the equilibrium
production decision when the firm invests in pro-
duction cost reduction. The left-hand side of Equa-
tion (5) represents the marginal rate of return or
MRR(q | investment) � p[1 − q

a] − c2 for a given pro-
duction quantity q. The right-hand side of Equa-
tion (5) represents the marginal cost of (using) external
funds; that is,

MCE(q | investment) � γ
ap

FA(q) − [1 + γ] c2,

where FA(q) is the loan’s face value for a given q (and
thus FA � FA(qA)). The firm’s equilibrium production
quantity is thus achieved when the marginal rate of
return on each unit produced equals themarginal cost
of external funds required to produce that unit.
For a firm that does not invest, the terms are re-

spectively MRR(q | no investment) � p[1 − q
a] − c1 and

MCE(q | no investment) � γ
ap

F0(q) − [1 + γ] c1,

where the unit production cost and initial capital
remain at c1 and y1, respectively, and the loan’s face
value is calculated accordingly. Recall that when the
firm does not invest, the equilibrium production quantity
is q0 and for a given q, we denote the loan’s face value
by F0(q) (thus F0 � F0(q0)). Lemma 2 describes the
behavior of the marginal cost of external funds as
expressed by the two abovementioned MCE curves.

Lemma 2. MCE(q |noinvestment) andMCE(q | investment)
curves are convex and increasing in q.
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Figure 2 illustrates the equilibrium production quan-
tity decisions and profits when the firm does not in-
vest. The region below theMRR(q | no investment) curve,
Area(OAB), represents firm profit under a perfect capital
market, where qp0 is the equilibrium production quantity.
In the presence of capital market frictions, the firm must
pay a cost for using external funds, as shown in the
upward slopingMCE(q| no investment) curve; the shaded
region, Area(OCB), represents the cost of such funds.
Consistent with the finance literature for a perfect capital
market (i.e., when γ � 0), theMCE(q|noinvestment)curve
is flat (i.e., superposes the x axis) with no cost for using
external funds (even though the firm borrows and pays
interest). The firm’s net profit in the presence of capi-
tal market frictions therefore depends on the following
two components:

i. R1(no investment): the operational profit equals to
Area(OAB) and

ii. R2(no investment): the cost of external funds
equals to Area(OCB).

The firm’s net profit is given by π0 �Area(OAB) −
Area(OCB).

When a production-cost-reduction investment is
made, it affects both the operational profit and the
cost of using external funds. In other words, both the
MCE and MRR curves shift, which changes the sizes
of Area(OAB) and Area(OCB). Intuitively, because
investing enhances thefirm’s operational capabilities,
Area(OAB) always increases. However, the impact
of investing on Area(OCB) is nontrivial. On the one
hand, investing depletes cash reserves (prior to
production) and potentially increases production
quantity, which requires the firm to seek additional
external funds, and thus may expand Area(OCB).
On the other hand, investing can increase future cash
flows, which reduces financial risk and produces
a flatter MCE curve, and may shrink Area(OCB).

Figure 3 illustrates the change in the cost of external
funds after the firm invests in reducing the unit
production cost for a scenariowhere themarginal cost
of external funds (MCE curve) presents a clockwise
shift. (We omit the counterclockwise shift for brevity.)
It therefore follows that when the firm invests, the

marginal rate of return (MRR) curve shifts upward
and in this particular case, the marginal cost of ex-
ternal funds (MCE) curve shifts to the right. The two
regions described above thus become
i. R1(investment): the operational profit equals to

Area(OEF) and
ii. R2(investment): the cost of external funds =

Area(ODF).
The firm’s net profit after investing is given by

πA �Area(OEF)−Area(ODF)−A. The net benefit from
investing (i.e., additional profit from investing) thus
equals

Π � πA − π0 � [Area(OEF) −Area(OAB)]
+ [Area(OCB) −Area(ODF)] − A,

and a firm should invest amount A to reduce the unit
production cost if and only if Π> 0. Because this
benefit Π is driven by a change in operational capa-
bilities and by the cost of external funds, it comprises
the summation of two key effects:

1. an operational effect, ΔR1�Area(OEF) −Area(OAB),
which represents a purely operational impact from
the production-cost-reduction investment on the firm’s
profit, and is independent of capital market fric-
tions (γ); and

2. a friction effect, ΔR2 � Area(OCB) −Area(ODF),
which represents the change in the cost of using ex-
ternal funds and is thus purely driven by capital
market frictions.

Figure 2. Equilibrium MCE and MRR Curves (No
Investment, with Capital Market Frictions)

Figure 3. Change in MRR and MCE Curves Following an
Investment Decision (with a Clockwise Shift in the
MCE Curve)
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That is, Π � ΔR1 + ΔR2 − A. We first observe that
because only the friction effect depends on γ, exam-
ining the impact of capital market frictions on the net
benefit from investing is identical to examining this
impact on the friction effect; in other words, ∂Π/∂γ �
∂ΔR2/∂γ. The next two propositions explicitly express
the operational effect and the friction effect, with Prop-
osition 2 first characterizing the operational effect.

Proposition 2. The operational effect ΔR1 is positive and
equals aβA(2p−2c1+βA)

2p .

We observe that the operational effect is nonnegative
because the firm’s profit increases when the unit pro-
duction cost is reduced (owing to the production-cost-
reduction investment) and the unit price is fixed.
Further, because the operational effect captures the
investment benefits in a perfect capital market, initial
capital y1 does not affect the operational effect, as
predicted by the Modigliani-Miller (MM) theorem
(Modigliani and Miller 1958). Regarding the initial unit
cost c1, we find that the operational effect is decreasing
in c1. As Figure 3 illustrates, investing in cost reduction
is also accompanied by a friction effect ΔR2, which is
either positive or negative, and can thus counter or
complement the operational effect. Proposition 3 char-
acterizes the friction effect.

Proposition 3. The friction effect ΔR2 equals∫ a p−c1
p

q0

(
p
(
1 − q

a

)
− c1

)
dq −

∫ a p−c2
p

qA

(
p
(
1 − q

a

)
− c2

)
dq

+
∫ q0

0

γ
ap

F0(q) − (1 + γ) c1dq −
∫ qA

0

γ
ap

FA(q) − (1 + γ) c2dq,

(8)

and a threshold β̂ (< c1
A) exists (i.e., the largest β for which

Equation (8) equals zero) where ΔR2 > 0 for β> β̂.

A positive friction effect suggests that if the firm
invests to reduce its unit production cost, that in-
vestment can reduce the cost of external funds and
thus hedge against the firm’s exposure to capital
market frictions. A production-cost-reduction investment
can thus shape the firm’s financial risk, and hence in-
fluence the marginal cost of external funds,

MCE(q | investment) �
[ γ

ap
FA(q) − (1 + γ)

][
c1 − βA

]

in twoways: it increases financial risk by reducing the
firm’s risk-free cash reserves, but reducing the unit
production cost also enhances thefirm’s profitmargin
and cash flow, thereby reducing its risk. When the
second effect dominates, we observe a positive fric-
tion effect, which results in a reduced cost of external
funds. Investing therefore brings two reinforcing effects:
(1) it increases the firm’s profit margin by reducing its

unit production cost; and (2) it reduces the cost of
external funds. The possibility of a positive friction
effect leads to an even more striking result.

Proposition 4. If the friction effect ΔR2 is positive, then the
firm achieves greater net benefits from a production-cost-
reduction investment in the presence of capital market
frictions than in their absence; that is, Π(γ> 0)>Π(γ � 0).
It follows from Propositions 3 and 4 that if the unit

production cost reduction per dollar invested is suffi-
ciently high (i.e., β> β̂), firms that face high costs for
using external funds can benefit more from invest-
ing relative to firms that face no such cost, because
investing can simultaneously and significantly reduce
the cost of those external funds; we also observe that
the friction effect can be nonmonotone in β (e.g., as
discussed in Online Appendix B.1). The drivers of this
result are consistent with underinvestment findings
from the finance literature (e.g., Froot et al. 1993),
where πA(γ> 0)<πA(γ � 0). Online Appendix C offers
a detailed discussion of the subeffects (owing to either
underproduction or direct financing costs) that drive
the friction effect.
Furthermore, we examine the impact of the initial

capital (y1) and initial unit cost (c1) on the friction
effect. Intuitively, y1 and c1 condition the firm’s ex-
posure to capital market frictions, and hence af-
fect both the friction effect and the firm’s benefit
from investing.

Proposition 5. If c1q0 < c2qA + A such that investing in-
creases the firm’s financial needs, then y1 and c1 affect the
friction effect (ΔR2) as follows:
i. If y1 > c2qA + A or c1 > p + βA, then ΔR2 � 0.
ii. If c1q0 < y1 < c2qA + A and c1 < p + βA, then ΔR2 < 0.
iii. If y1 < c1q0 and

a. p< c1 < p + βA, then ΔR2 < 0;
b. c1 < p and β> β̂, then ΔR2 > 0.

From Proposition 5.i, if the initial capital is enough
for production, even after investing, then the friction
effect is zero, because the firm requires no external
funds. Similarly, if the initial unit cost exceeds p + βA,
then even after investing to reduce the unit cost, the
profit margin is still negative, which yields a pro-
duction quantity and a friction effect equal to zero.
However, if the initial capital is sufficient to finance
productionwith no investment, but insufficient when
an investment is made (Proposition 5.ii), then ΔR2 < 0
provided that the firm can earn a positive margin at
least after investing (i.e., c1 < p + βA). This is because
the firm only uses external funds when investing.
Hence, investing always increases the cost of using
external funds, resulting in a negative friction ef-
fect. But if the initial capital is sufficiently low (Propo-
sition 5.iii) for the firm to require external funds,
whether or not it invests in cost reduction, then the
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friction effect could be positive. Indeed, if the ex ante
need for external funds is sufficiently high (y1 is low)
and investing significantly increases future cash
flows (c1 is low and β> β̂), then after investing the
MCE curve substantially shifts to the right, lowering
the cost of external funds.

We further observe that when c1q0 > c2qA + A, our
findings are analogous and discussed in Online Ap-
pendix A (in the proof of Proposition 5). Moreover,
because specific bounds on c1, y1, and β are intrac-
table, we numerically examine the impact of these
constructs on the investment decision in Section 4,
Online Appendix B, and Online Appendix D.

3.3. Characterization of the Equilibrium
Investment Amount

In Section 3.2, we discussed the equilibrium friction
and operational effects associated with investing in
production cost reduction for a given investment
amountA. We now characterize the equilibrium for A
when it is a continuous decision variable, such that the
firm may choose to invest any amount A ∈ [0, Ā],
where Ā denotes the technological limit on the in-
vestment amount—that is, the cutting-edge technol-
ogy in the market that provides the highest cost re-
duction. Proposition 6 describes the equilibrium in
the absence of capital market frictions.

Proposition 6. If A is a continuous decision variable such
that A∈ [0, Ā] and Ā≤ c1/β,1 then in the absence of capital
market frictions (i.e., γ � 0) the firm’s equilibrium in-
vestment decision is

A* �
{
Ā if Ā>Ath
0 if Ā<Ath

, whereAth � 2
β

[
p
aβ

− p + c1

]+
.

Consistent with the technology investment litera-
ture (Goyal and Netessine 2007), Proposition 6 shows
that a threshold investment policy is optimal. The
firm adopts the cutting-edge technology, Ā, if the
level of that technology is more advanced than
the threshold Ath. Although this result is known, ex-
amining the impact of capital market frictions on Ath
is new. We thus investigate how the presence of
capital market frictions conditions this investment
threshold, where the lower the threshold, the more
motivated the firm is to invest. We observe that first-
and second-order derivatives of the firm’s expected
profit as a function of the investment decision in the
presence of capital market frictions, are analytically
intractable (as per LemmaA.1 inOnlineAppendixA).
However, we can derive some analytical results as
A approaches its upper bound, as described in the
next corollary.

Corollary 2. If A is a continuous decision variable such that
A∈ [0, Ā] and Ā≤ c1/β, then in the presence of capital
market frictions (i.e., γ> 0),

lim
A→Ā�c1

β

∂πA
∂A � aβ − 1> (<)0 if β> (<)1/a and

lim
A→Ā�c1

β

∂2πA
∂A2 � (1−γ)a2β2+γ(2aβ−1)

ap > 0 if β> 1/2a.

Corollary 2 implies that as the investment amount
approaches its upper limit (i.e., A � Ā � c1

β ), the profit
function becomes convex. Hence, if β is not too small
such that β> 1

2a (to avoid investing to become in-
feasible even when there are no capital market fric-
tions), then limA→Ā�c1

β
πA

′′ > 0. This finding implies
that a boundary solution may be optimal in the
presence of capital market frictions (i.e., γ> 0). In
Section 4, we numerically verify that the profit
function is still convex, and a threshold investment
policy is optimal in the presence of capital market
frictions. Hence, evenwhenA is a continuous decision
variable, the search space for the optimal investment
amount can be reduced to A ∈ {0, Ā}, without loss of
generality. This result implies that the analysis under
continuous or fixed investment is identical because in
either case the optimal decision derives from evalu-
ating the investment amounts on the boundaries. In
Section 4.3, we numerically illustrate the impact of
capital market frictions on the investment threshold
as a function of c1, y1, and β.

4. Numerical Analysis
We have demonstrated that the presence of capital
market frictions can positively affect a firm’s benefit
from investing in production cost reductions. Thus, it
is helpful to understand the conditions under which
this positive effect takes place and how it changes
when the capital-market-friction proportion γ in-
creases (we observe that the impact of γ on the firm’s
expected profit is analytically intractable, as per
Corollary C.1 in Online Appendix C). We first illus-
trate the parametric regions and conditions where
investing in reducing a firm’s unit production cost is
optimal (i.e., Π> 0) both in the presence (γ> 0) and
absence (γ � 0) of capital market frictions. We also
illustrate how the presence of such frictions affects the
firm’s willingness to invest. We then examine when a
firm achieves more benefit from the cost-reduction
investment under capital market frictions, noting that
this situation is equivalent to experiencing a positive
friction effect (i.e., ΔR2 > 0), and consider how an
increase in these frictions affects the net benefit from
investing (∂Π/∂γ) as well as the investment thresh-
old (Ath). Moreover, because demand variations affect
the supply-demand mismatch and the firm’s exposure
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to capitalmarket frictions,we relaxAssumption 1 and
consider a range of demand variance.

For expositional simplicity, we utilize the following
nondimensional ratios in our numerical analyses.
Initial capital is normalized with respect to the in-
vestment amount; that is, we work with y1

A and call it
the initial capital ratio, a measure for the amount of
risk-free capital available for funding production in
the second stage. Similarly, the initial unit production
cost is normalized with respect to price; that is, we
workwith c1

p and call it the initial cost ratio. A reduction
in this ratio is used as a proxy for an increased profit
margin (because the profit margin equals 1 − c1

p ). We
set the ranges for these nondimensional ratios at
1≤ y1

A ≤ 10 and 0≤ c1
p ≤ 10 with 0≤γ≤ 1, which address

the entire set of relevant ratios and levels of capital
market frictions. These ratios are constructed for
varying levels of y1 and c1, while setting price p to $10
per unit and investment amount A to $10 (when the
investment amount is continuous,A can be thought of
as Ā, which is the upper bound of the investment
domain, as explained in Section 3.3). The value choice
for p or A has no impact, because the initial cost ratio
(c1p ) and initial capital ratio (y1A) drive the results.

We have run over 8,300 simulations, considering 19
values for y1

A with y1
A ∈ {1, 1.5, 2, . . . , 10}, 21 values for c1

p
with c1

p ∈ {0, 0.05, 0.1, . . .1} and 21 values for γ with
γ∈ {0, 0.05, 0.1, . . . , 1}. Considering values beyond
these ranges is either economically infeasible (e.g.,
γ< 0 or γ> 1, and c1

p < 0 or c1
p > 1) or likely to result in a

financially unconstrained problem (e.g., y1
A > 10). For

our base case analysis, the value of the unit production
cost reduction β per dollar invested is set at 0.15 and
demand variability parameter Δ at 10 (i.e., the de-
mand follows a uniform probability distribution with
support [a2 − Δ, a2 + Δ]). We then test the robustness
of our results for β � {0.05, 0.1, 0.15, 0.20, 0.25} and
Δ � {0, 2, 4, 6, 8, 10}. Parameter values beyond these
ranges do not generate any new insights. Changing
the nature of the demand distribution from uni-
form to normal does not materially affect our re-
sults either. Consequently, we focus on a uniform
demand distribution with a � 20 (we discuss the
normally distributed demand scenario in Online
Appendix B.3).

4.1. Equilibrium Investment Decision and
Friction Effect

Figure 4 portrays the range of parameters where it is
optimal to invest in production cost reduction, and
where the friction effect is positive or negative. The
investment space is divided into four regions. Region
I depicts the value range for the initial cost ratio and
initial capital ratio where investment is not mean-
ingful because the unit production cost c2 becomes

negative. Region II depicts the value range where the
firm has sufficient funds to operate smoothly. Region
III depicts the value rangewhere thefirm isfinancially
constrained, and it is optimal to invest in production
cost reductions (i.e., Π> 0). Region III is subdivided
into three regions based on the sign of the friction
effect derived from Proposition 3. Region IV-A de-
picts where it is suboptimal to invest even in a perfect
capital market (i.e., when γ � 0). Region IV-B depicts
the impact of capital market friction on the firm’s
willingness to invest. In particular, it shows the re-
duction in parameter combinations under which the
firm invests after increasing the level of γ from 0 to
1—that is, the dashed line moves clockwise—because
introducing capital market frictions discourages the
firms from investing in that region where the initial
cost ratio is high, but the initial capital ratio is low.
If we examine the investment regions in more de-

tail, we first observe that subregion III-A represents a
firm with a tight capital constraint (small y1A), but with
high potential to benefit from investing (low c1

p ). With
no capital market frictions, the firm benefits more
from investing when the unit production cost is low
(recall that, when γ � 0, benefit from investing re-
duces to ΔR1, which decreases with c1). In this sub-
region, the firm also faces high costs for external
funds—a steep MCE(q |no investment) curve—due to
its small initial capital. However, because the unit
production cost is low, investing to further reduce the
production cost can significantly increase the firm’s
future cash flow and thus reduce its financial risk and
its external funding costs. As a result, we observe a
positive friction effect ΔR2. Similarly, subregion III-C
represents a firm with a loose capital constraint
(large y1

A) and a low potential to benefit from invest-
ing (high c1

p ). The firm thus faces a relatively low
cost for external funds, represented by a rather flat
MCE(q| no investment) curve. Investing thus increases
the firm’s future cash flow, but compared with the
decrease in risk-free cash reserves, the overall fi-
nancial risk and costs of external funds increase,
creating a negative friction effect ΔR2. In subregion
III-B, ΔR2 could be positive or negative depending on
the value of the capital-market-friction proportion γ.
As discussed in Proposition 3, the unit production

cost reduction β per dollar invested is a key driver of
the positive friction effect. To test the robustness of
our results, we have reproduced Figure 4 for five
different values for β. For brevity, we present these
figures in Online Appendix B.2 and focus herein on
themain takeaways.When β is too low (e.g., β � 0.05),
the investment region (region III) is empty. As β in-
creases, the investment region expands, which moti-
vates the firm to invest for a wider range of parameter
combinations. Firms with high values for β are more
likely to face a positive friction effect (i.e., region III-A
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expands with β) and from Proposition 3, a threshold
value β̂ exists above which the firm invests and faces
a positive friction effect. We also introduce a thresh-
old β above which the firm will choose to invest.
Figure 5(a) illustrates these thresholds for a fixed
capital-market-friction proportion γ and varying levels
of y1A , and Figure 5(b) illustrates them for a fixed y1

A and
varying levels of γ.

For the parameter combinations in Figure 5, a higher
initial cost ratio reduces the benefit from investing
and increases both thresholds β̂ and β. For a given
initial cost ratio, lower levels of initial capital ratio or
higher levels of capital market frictions has two ef-
fects: (1) deter the firm from investing (i.e., β in-
creases) and (2) increase the threshold for facing a
positive friction effect (i.e., β̂ increases). Intuitively,
the lower ratio and high frictions augment the firm’s
ex ante cost for external funds, which creates more

room for reducing this cost through investing in cost
reduction. However, to exploit this possibility of
creating a positive friction effect, the firm requires a
higher investment efficiency or, equivalently, a higher
unit production cost reduction β.
We also observe in Figure 4 that the delineation of

regions and subregions that characterize when it is
optimal to invest in production cost reduction (along
with the sign of the friction effect) enables us to
further scrutinize how the net benefit from invest-
ing changes as capital market frictions increase (i.e.,
∂Π/∂γ). We recall that only the friction effect ΔR2
depends on capital market frictions (i.e., the opera-
tional effect is constant with respect to γ); thus, an-
alyzing ∂Π/∂γ is equivalent to analyzing ∂ΔR2/∂γ.
Figure 6 illustrates when ΔR2 (or Π) increases or
decreases with changes in capital market frictions.
A comparison of Figures 4 and 6 offers additional

Figure 4. (Color online) Joint Characterization of the Firm’s Investment Decision and the Friction Effect ΔR2

Figure 5. Impact of c1
p and y1

A and γ on β̂ and β

Notes. In panel (a), γ � 1 and y1/A∈ {1, 2, 3}. In panel (b), γ∈ {0.1, 0.5, 1} and y1/A � 1.
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insights. When the friction effect is negative (i.e.,
ΔR2 < 0), the net benefit from investing always de-
creases with the capital-market-friction proportion γ
(i.e., ∂Π/∂γ< 0). However, when the friction effect is
positive, tightening the access to external funds (via
an increase in γ) can increase this net benefit. There-
fore, the impact of capital market frictions on a firm’s
net benefit from investing in production cost reduc-
tion depends on the sign of the friction effect, and
further tightening a firm’s access to external funds
does not necessarily decrease this net benefit.

4.2. Impact of Demand Uncertainty
We also numerically explore the impact of demand
uncertainty on our results. We assume that demand ξ
follows a uniform probability distribution with
support [a2 − Δ, a2 + Δ]. In particular, we set a at 20 units
(as in Section 4.1) and consider six levels of demand
variability with Δ∈ {0, 2, 4, 6, 8, 10}, while keeping all
other parameters identical to those in Figure 4. This
analysis enables us to examine a special condition for
the demand distribution, where not only the variance
is reduced but also the support is restricted to a
nonzero lower bound, and, consequently, a portion
of the demand is guaranteed.

Figure 7 illustrates a pattern of results consistent
with Figure 4 (where demand uncertainty is maximal
and thus Δ � 10). The approach used to set up regions
I, II, III, and IV is identical to that in Figure 4. In
addition, a new subregion III-D emerges (for lower
levels of variability), where a firmuses external funds,
and yet the friction effect ΔR2 � 0, because the firm’s
cashflows are guaranteed to cover the loan repayment.
We label this a risk-free borrowing region, consistent
with the nomenclature suggested by Boyabatli and
Toktay (2011). This region’s creation results from the

fact that when 0<Δ< a
2, a certain amount of demand

(a2 − Δ) is guaranteed, which enables the firm to bor-
row at a risk-free rate. A comparison of Figure 7, (a),
(b), and (c) makes two additional observations. First,
more demand uncertainty (i.e., increasing levels of Δ)
discourages investing in production cost reduction,
because it increases the negative impact of capital
market frictions on the firm’s profit. Indeed, an in-
crease in demand uncertainty expands the region in
which investing is suboptimal (region IV grows
with Δ). Second, we observe that demand should be
sufficiently variable to experience a positive fric-
tion effect. For instance, subregion III-A is empty
when Δ � 6 in Figure 7(c). Demand uncertainty in-
creases the financial risk and creates more oppor-
tunities for investment to reduce the cost of using
external funds. We omitted Δ∈ {0, 2, 4} in Figure 7
because, under low-demand variability, risk-free bor-
rowing characterizes the entire investment region
(region III) as the firm’s guaranteed revenues fully
collateralize the borrowing needs under all parame-
ter combinations.

4.3. Impact of Capital Market Frictions on the
Investment Threshold

We conclude this section by examining the impact of
capital market frictions on the investment amount
threshold Ath. Although the derivatives of the firm
profits are intractable in the presence of capital market
frictions (as per Lemma A.1 in Online Appendix A), we
have verified that for all relevant parameter ranges (as
described in Section 4), the threshold policy remains
optimal. Figure 8 illustrates the impact of capital
market frictions on the investment threshold as a
function of initial capital y1 and initial unit cost c1. We
observe in Figure 8(a) that firms with high initial unit

Figure 6. (Color online) Joint Characterization of the Firm’s Investment Decision and the Marginal Impact ∂Π/∂γ of Capital
Market Frictions on the Investing Net Benefit
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cost benefit less from investing, and hence require a
higher cutting-edge technology level Ath to invest.
Increasing capital market frictions also makes external
funds more expensive and further reduces the benefit
from investing, which leads to even higher investment

thresholds. For instance, when c1 � 6.5, in a perfect
capital market the firm can adopt any technology in
the market (Ath � 0), but for γ � 0.5 or γ � 1, the firm
will invest only if the cutting-edge technology level
equals or exceeds Ath � 8.3 or 18.2, respectively.

Figure 7. (Color online) Characterization of the Firm’s Investment Decision and the Friction Effect ΔR2 for Δ∈ {6, 8, 10}

Notes. In panel (a), Δ � 10. In panel (b), Δ � 8. In panel (c), Δ � 6. Panel (d) is the legend.

Figure 8. Equilibrium Investment Thresholds Ath as a Function of c1, y1, and γ

Notes. In panel (a), y1 � 10 and c1 ∈ [0, 10]. In panel (b), c1 � 3 and y1 ∈ [10, 60].
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Moreover, when initial capital (y1) is sufficiently
large, Figure 8(b) suggests that the presence of cap-
ital market frictions does not affect the investment
amount threshold Ath, because the firm does not
need to borrow. Consequently, Ath for γ∈ { 0, 0.5, 1}
converges to the perfect market level (i.e., Ath �
2
β[ p

aβ − p + c1]+, as described in Proposition 6). We also
observe that as the firm becomes more financially
constrained (i.e., as y1 decreases), Ath remains con-
stant under a perfect market (i.e., when γ � 0), but
it increases when γ> 0. In particular, as the ini-
tial capital diminishes, the financial risk exponen-
tially increases, which results in higher investment
amount thresholds.

5. Extension: Uncertainty About the Unit
Production Cost Reduction

We extend our results by adding uncertainty in the
firm’s unit production cost reduction β per dollar
invested, which enables us to characterize when a
firm can benefit from such uncertainty in the pres-
ence of capital market frictions. This uncertainty
can originate from various sources, including an
underlying production-cost-reduction technology’s
implementation (e.g., how well standard equipment
fits the firm’s need) or readiness (e.g., it was only pilot
tested instead of implemented in an industrial-scale
chemical plant). Evidence from our illustrative ex-
amples of BigFoot Networks and Faradox also sug-
gests that a firm might have to anticipate such re-
duction with a probability distribution. We then
discuss the joint characterization of the firm’s in-
vestment decision and friction effect by making a
comparison with our findings in Section 4.

We consider a normally distributed unit produc-
tion cost reduction per dollar invested with mean β̄,
standard deviation σ, and coefficient of variation
CVβ � σ/β̄. We assume that the firm observes the
actual realization of β after the investment decision,
but prior to the production commitment, and we
accordingly revise the time line of events in our base-
line model. Specifically, the firm invests at t = 1, ob-
serves the realization of β at t = 2, and then selects the
equilibrium production quantity, qA(β), by solving

πA
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β
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(9)
where F(q(β)) is given by,
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Expected profit with or without investment at t = 1 is,
respectively, πA � Eβ[πA(β)] or π0 � Eβ[π0(β)].
For our analysis herein, we focus on varying the

coefficient of variation CVβ, which we refer to as
production-cost-reduction uncertainty. For a perfect
capital market, adding this uncertainty increases the
firm’s benefit from investing (because in the absence
of frictions, the investment benefits reduces to ΔR1,
which is a convex function of the firm’s unit pro-
duction cost reduction β per dollar invested). How-
ever, in the presence of capital market frictions,
adding this uncertainty affects the cost of external
funds and, consequently, the impact on the firm’s
investment benefits is not straightforward. Com-
pared with Figure 4, we first observe in Figure 9 that
adding uncertainty to the production cost reduction
shrinks the parameter space where the firm is financially
unconstrained; that is, region II shrinks. As this un-
certainty affects the realizations of the unit pro-
duction cost, it also introduces uncertainty to the
production quantity and to the amount of external
funds needed, which, in turn, forces the firm to de-
pend on external funds more often. Second, adding
uncertainty to the production cost reduction expands the
optimal investment space; that is, region III expands.
The impact of adding this uncertainty increases var-
iability in the firm’s cash flow, which increases its fi-
nancial risk, but it also increases the firm’s expected
cash flow (because benefit from investing is a convex
function of β when there is no friction) and results in
motivating the firm to optimally invest under a larger
set of combinations of initial cost ratio and initial
capital ratio.
We also offer a third insight that is more complex

and insightful than the above two: adding uncertainty
to the production cost reduction shrinks (expands) the
region for a positive (negative) friction effect; that is,
region III-A shrinks, but region III-C expands. We
first examine a particular point in region III-A of
Figure 9 (e.g., c1

p � 0.3 and y1
A � 1); that is, a set of pa-

rameters where the friction effect ΔR2 is positive. In
Figure 10(a), we plot the friction effect (ΔR2), oper-
ational effect (ΔR1), and benefit from investing (Π �
ΔR1 + ΔR2 − A) at this particular point for varying levels
of the capital market frictions and production-cost-
reduction uncertainty. Consistent with Figure 6, we
observe that the friction effect ΔR2 increases when
the level of frictions increases. However, this positive
friction effect decreases when the production-cost-
reduction uncertainty increases, which explains the
shrinking of region III-A, owing to a reduction in
the cost of external funds, which, in turn, reduces the
potential to save on such costs when investing.
As for the operational effect ΔR1, it increases when the
production-cost-reduction uncertainty increases as
discussed before. But the net benefitΠ from investing
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then increases when the production-cost-reduction
uncertainty increases because of the increase in ΔR1
dominating the reduction in ΔR2.

Next, we examine a particular point in Region III-C
of Figure 9 (e.g., c1p � 0.45 and y1

A � 1), where the friction
effect ΔR2 is negative. In this case, Figure 10(b) shows

that ΔR2 now increases (i.e., becomes less negative)
when the production-cost-reduction uncertainty in-
creases. In other words, the volatile production cost
reduction mitigates the negative friction effect. And
because ΔR1 also increases when that uncertainty
increases, so does the net benefit Π from investing.

Figure 9. (Color online) Joint Characterization of the Firm’s Investment Decision and the Friction Effect ΔR2 (CVβ � 0.33)

Figure 10. Impact of γ and CVβ on ΔR2, ΔR1 and Π

Notes. In panel (a), ΔR2 (> 0), ΔR1, andΠ are functions of γ and CVβ for c1
p � 0.3 and y1

A � 1. In panel (b), ΔR2 (< 0), ΔR1, andΠ are functions of γ
and CVβ for c1

p � 0.45 and y1
A � 1.
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Overall, we observe that the net benefit from investing
increases in the production-cost-reduction uncertainty
both in perfect (γ � 0) and imperfect capital markets
(γ> 0), but to a lesser (larger) extent in the latter one
when ΔR2 > 0 (respectively, ΔR2 < 0). Therefore, un-
certainty reduces the positive friction effect while
increasing the negative friction effect. We believe that
this is a unique result, as it ties the impact of production-
cost-reduction uncertainty and capital market frictions
on the benefit from investing. Online Appendix B.4
offers a discussion on the robustness of the behaviors
exhibited in Figure 10 by examining the sign of the
partial derivative of the friction effect with respect
to the standard deviation in the production cost re-
duction (i.e., ∂ΔR2/∂σ).

6. Conclusion
This research extends an emerging body of work by
first investigating the conditions under which a firm
would benefit by investing in unit production cost
reduction measures in the presence of capital mar-
ket frictions. We characterized how the level of cap-
ital market frictions could affect the net benefit
(i.e., additional profit) from investing in production
cost reduction efforts. Moreover, we analyzed how
demand uncertainty might affect the production-
cost-reduction investment decision in the presence
of capital market frictions, and how uncertainty in the
unit production cost reduction per dollar invested
might condition the impact of those frictions. We put
forward four major insights (I1 through I4) that
summarize our analysis of this investment decision,
and the conditions that favor investing in anticipation
of the production decision. We then discuss the
consequences of these insights.

I1. A firm can achieve greater net benefits by
investing in production cost reduction in the presence
of capital market frictions than in their absence.

I2. When considering a firm with small initial
capital relative to the capital amount invested to re-
duce its unit production cost (i.e., a low initial capital
ratio), but with a product that exhibits a low prein-
vestment production cost relative to its price (i.e., low
initial cost ratio), we find that it can achieve greater
benefits by investing in production cost reduction
when capital market frictions are high than when
they are low. In addition, depending on the sign of
the friction effect, the firm’s initial capital may either
increase or decrease the benefit from investing.

I3.When considering a firm forwhich the reduction
in the unit production cost per dollar invested is
uncertain, we find that if it faces a reduction in ex-
ternal fund costs after investing in production cost
reduction—a financial benefit—then introducingmore
uncertainty in the production cost reduction de-
creases this benefit; but if the firm faces a growth in

external fund costs after investing in production cost
reduction—a financial loss—then increasing this un-
certainty decreases this loss.
I4. An increase in demand uncertainty reduces the

size of the region where the pairings of a firm’s ini-
tial cost ratio and initial capital ratio render invest-
ing optimal.
From a theory perspective, our four insights (I1 to I4)

expand upon the very few recent studies on opera-
tional flexibility in the presence of capital market
frictions highlighted in the bottom-right quadrant of
Table 1 (i.e., Boyabatli and Toktay 2011, Iancu et al.
2016). Insights I1 and I2 establish conditions for a
positive impact of capital market frictions on a firm’s
net benefit from investing in production cost re-
duction based on the trade-off between two crucial
effects. First, investing reduces the unit production
cost, thus expanding thefirm’s production capabilities/
quantities and increasing its expected profit at the end
of the production stage, which eases access to external
funds. Second, investing consumes thefirm’s risk-free
capital, which can restrict access to external funds. If
the former effect dominates the latter, then the firm
faces lower costs of external funds, which we have
called a positive friction effect. Firms are therefore
encouraged to consider this effect and, most impor-
tantly, the underlying trade-off as key factors when
selecting between production-cost-reduction ap-
proaches to create operational hedges.
The underlying trade-off that shapes the sign of the

friction effect also plays a role when considering the
impact of a firm’s initial capital on the benefit from
investing in production cost reduction (Online Ap-
pendix D offers technical details). When a firm pos-
sessesmore initial capital, it is intuitive to assume that
it would reap greater benefits from investing in re-
ducing unit production costs than when it possesses
less initial capital, because its exposure to capital
market frictions decreases and, consequently, the cost
of external funds decreases. However, we found that
this assumption holds only when the friction effect
is negative; that is, when investing increases the cost
of external funds. When the friction effect is positive,
a firm with more initial capital benefits less from
investing than a firm with less initial capital, because
by lowering the friction effect, more initial capital can
substitute the aim of the investment: to mitigate the
firm’s exposure to capital market frictions.
This positive friction effect also complements the

findings of Iancu et al. (2016) on the impact of op-
erational flexibility in the presence of agency prob-
lems. While we focus on production cost reduction
rather than operational flexibility, our analysis re-
veals that investing in production cost reduction can
create a hedge against a firm’s exposure to capital
market frictions. We demonstrate that a firm can reap
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greater benefits from investing in production cost
reduction measures when capital market frictions are
high, owing to a positive friction effect. We therefore
find that under the right circumstances and in the
presence of capital market frictions, a positive friction
effect can create additional benefits for a broad class
of operational hedges. Under other circumstances, we
observe that uncertainty in production cost reduction
mitigates the impact of capital market frictions on a
firm’s net benefit from investing in such reduction,
as highlighted in insight I3. Moreover, insight I4
complements Boyabatli and Toktay’s (2011) work,
which also investigates the impact of a firm’s de-
mand uncertainty on its investment decisions, be-
cause it implies that by increasing demand uncer-
tainty, the investment in reducing unit production cost
becomes less attractive in the presence of capital
market frictions.

When deciding whether to invest in production
cost reduction, a firm can employ quantifiable input
parameters, such as initial cost ratio and initial capital
ratio, to assess the net benefit from investing in the
presence of capital market frictions. Based on our
fieldwork at firms such as Faradox and BigFoot
Networks, managers do, in fact, estimate these pa-
rameters (and others that we have used to build
our theoretical decision model) before they make
production-cost-reduction investments. Our analysis
and especially our insights I1 to I3 can provide some
guidance on these investment decisions by offering a
preliminary agenda from empirically testable hy-
potheses. This investigation also offers public policy
implications for promoting production cost reduction
in specific sectors. For instance, production size is
typically linked to number of employees and thus
public policies aimed at small or nascent firms facing
high levels of capital market frictions, such as in loan
guarantees, often seek production-cost-reduction
outcomes that help to increase employment (Moniz
2014). Tracking the gains in production quantities and
employmentfigures associatedwith production-cost-
reduction investment through loan guarantees raises
important empirical questions that can be answered
by our findings, particularly the finding empha-
sized in I2 (for data-tracking examples, see DOE
2015). Exploring whether these loans were made to
firms with a low initial cost ratio and small initial
capital ratio, rendering the production-cost-reduction
investment the best option, could be a fruitful em-
pirical investigation.

As with all research, ours presents limitations. We
focus on scenarios in which all external funds come
from debt and use a fixed price for the firm’s offering,
and we model a linear reduction in the unit pro-
duction cost, to name a few limitations. We could, for
instance, alter this linear reduction so as to exhibit

decreasing marginal return with respect to β (e.g.,
from c2 � c1 − βA to c2 � c1 −

̅̅
β

√
A). In this case, we

have numerically verified that a firm which does not
benefit from a higher level of uncertainty in the
production cost reduction in the absence of frictions,
may benefit from such uncertainty in the presence of
frictions (for details, see Online Appendix E). Al-
thoughmore work is required to fully disentangle the
trade-offs that underlie these findings, we believe this
work provides a useful point of departure for studying
alternative production-cost-reduction investment op-
tions (e.g., flexible technologies) and financing de-
cisions in the presence of capital market frictions.

Endnote
1We note that c1/β is the largest value of A such that the unit pro-
duction cost remains nonnegative.
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