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In this paper, we develop a network equilibrium model for supply chain networks with strategic financial
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ture their products. The supply chain firms’ procurement activities are exposed to commodity price risk
and exchange rate risk. The firms can use futures contracts to hedge the risks. Our research studies the
equilibrium of the entire network where each firm optimizes its own operation and hedging decisions.
We use variational inequality theory to formulate the equilibrium model, and provide qualitative proper-
ties. We provide analytical results for a special case with duopolistic competition, and use simulations to
study an oligopolistic case. The analytical and simulation studies reveals interesting managerial insights.
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1. Introduction

Supply chains today have become increasingly complex and
global, which have made firms at different stages of supply chains
more and more vulnerable to various risk factors. Understanding
and managing these risks as well as their impacts on supply chain
operations and profitability have become a business imperative
for many companies. Therefore, supply chain risk management
has drawn increasing attentions from both academians and
practitioners.

In this research we focus on using futures to hedge foreign
exchange risk and commodity price risk in supply chains. A survey
by Scott (2009) showed that foreign exchange risk was ranked as
the second most important risk factor by the risk management
executives of 500 global companies. The fluctuations of currency
values can cause significant loss to firms that are engaged in
global trades. For example, in January 2015, the chief executive
officer of Procter & Gamble warned that the appreciating value
of dollar would result in a 5% reduction of the company 2015
sales and a 12% reduction in profit (Narvaez, 2015). For another
example, in 2016 the British companies rushed to hedging their
foreign exchange risk to protect themselves from the growing
“Brexit” risk (Nag, 2016). Moreover, supply chains are also affected
by the commodity price risk directly by the raw material prices
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and indirectly by the energy and transportation cost (Zsidisin,
Hartley, & Gaudenzi, 2016). For example, in 2011 the consumer
production company, Kimberly-Clark, suffered sales and profit
decline partially due to the increasing wood pulp price (Zsidisin &
Hartley, 2012). Commodity prices can be very volatile in the global
market. For instance, from August 2003 to March 2004, soybean
prices increased by 74% from $237 to $413, and then dropped to
$256 within the next two years (Zsidisin & Hartley, 2012). For
another instance, from April 2010 to April 2011, the price of silver
tripled in the commodity market (Zsidisin & Hartley, 2012).

According to a study of over 7000 nonfinancial firms from
50 countries, about 60% of the surveyed firms have conducted
some form of hedging using financial derivatives (Bartram, Brown,
& Fehle, 2009). Our research focuses on the use of futures to
hedge foreign exchange and commodity price risks. In the world
largest futures and option market, CME Group, (Chicago Mercantile
Exchange and Chicago Board of Trade), futures are the domi-
nant form of derivative contract for foreign exchange rates and
commodity prices. For example, as of October 2017, for foreign ex-
change rate, the ADV (average daily volume) of futures is 832,165
and the ADV of options is 78,688; for metals, the ADV of futures
is 506,049 and the ADV of options is 47,462; and for commodities
and alternative investment, the ADV of futures is 1,116,089 and the
ADV of options is 249,468 (CME Group, 2017). CME also provides
detailed guides for businesses at different stages of supply chains
to engage in financial hedging.

Our paper falls in the research stream of supply chain risk
hedging, which uses two main approaches: operational hedging
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and financial hedging (see, e.g., Van Mieghem, 2003). Operational
hedging uses operational and processing flexibility to mitigate
supply chain risks. Such operational flexibility may be incorpo-
rated in various supply chain decisions, such as, facility locations,
multisourcing, subcontracting, etc. For example, Huchzermeier and
Cohen (1996) investigated the value of operational flexibility under
exchange rate risk. Kazaz, Dada, and Moskowitz (2005) studied
the selection of production policies with the option of postponing
allocation decisions under foreign exchange risk. Goh, Lim, and
Meng (2007) studied a multi-stage supply chain network with
foreign exchange risk, demand and supply risk, and disruption risk
using a stochastic model.

Financial hedging, on the other hand, uses financial markets
and financial instruments, such as, forward contracts, futures and
options, to counterbalance various risk factors. Financial hedging
has long been studied in the area of finance. For a detailed and
complete review of financial derivatives and financial hedging
strategies, we refer the audience to the textbook by Hull (2002).
Studies in the literature have also investigated the relationships
between operational hedging and financial hedging, and the
strategies to integrate the two approaches. Mello, Parsons, and
Triantis (1995) studied a multinational firm that had production
sourcing flexibility and financial hedging tools to mitigate foreign
exchange risk. Ding, Dong, and Kouvelis (2007) also investigated
the integration of financial hedging and operational hedging for
an international firm. The firm in the study was allowed to hedge
foreign exchange risk by optimally using financial options and/or
delaying production allocation at different markets. A mean-
variance approach was used to model the risk-averse behavior of
the firm. Van Mieghem (2003) discussed the literature regarding
capacity management under uncertainty. The paper reviewed ca-
pacity investment models, and compared financial and operational
hedging methods. Caldentey and Haugh (2009) designed a Stack-
elberg game to study the flexible supply chain contracts between
a producer and a retailer with and without financial hedging. The
authors showed that the producer preferred the flexible contract
with hedging while the preference of the retailer depended on the
model parameters. Hommel (2003) used a real option approach to
show that operational hedging created through operational flex-
ibility provided a strategic complement to any financial hedging
based on variance minimization. Moreover, operational flexibility
also affected the composition of the financial hedging portfolio.
Chowdhry and Howe (1999) studied the conditions under which
multinational firms would reduce risk exposure by operational
hedging. The paper found that firms would use operational hedg-
ing only when they were exposed to both exchange rate risk
and demand risk. The paper also discussed the plant location
and capacity decisions under different conditions of demand and
foreign exchange rate. In addition, the authors showed that the
firms could execute the optimal financial hedging policy with call
and put and forward contracts. Chen, Li, and Wang (2014) used
the mean-variance approach to study a firm’s capacity planning
problem with financial hedging when it had potential suppliers in
multiple low-cost countries and was exposed to foreign exchange
risk and demand uncertainty. The paper investigated the benefits
of hedging strategies in different scenarios. The authors also found
that the financial and operational hedging could interact each
other to maximize the firm utility. Chod, Rudi, and Van Mieghem
(2010) studied a firm capacity investment under demand uncer-
tainty. The paper considered two risk factors: mismatch between
capacity and demand and profit variability. It showed that opera-
tional flexibility could mitigate the mismatch risk while financial
hedging could mitigate profit variability. The paper showed that
whether operational flexibility and financial hedging could be
complements or substitutes depended on the type of the oper-
ational flexibility. Zhao and Huchzermeier (2015) reviewed the

literature, and proposed a risk management framework for the
integration of operations-financial interface models. The paper also
investigated the conditions under which operations and finance
should be integrated, and presented categorizations of operational
and financial hedging. In addition, the authors discussed the con-
nections between relationship analysis and approach choice. Zhao
and Huchzermeier (2017) studied a multinational corporation that
could use production switching, capacity reshoring, and financial
hedging to mitigate supply-demand mismatches and exchange
rate risk. The authors decomposed operations and finance to
optimize the mean-conditional value-at-risk. The paper found that
the financial and operational hedging could be complements in
optimizing the profit and risk. In addition, the paper showed that
the two hedging methods were substitutes in risk reduction, and
coordination was important to minimize the substitution effects.
Park, Kazaz, and Webster (2017) investigated how a firm could
mitigate global economic risk through production hedging, pricing,
and financial hedging under exchange rate and demand uncer-
tainty. Their model assumed that the firm maximized the expected
profit with the consideration of a value-at-risk constraint. Gamba
and Triantis (2014) studied a dynamic integrated risk management
strategy consisting of liquidity management, financial hedging, and
operational flexibility, and analyzed the impacts of different com-
ponents and their interactions on risk management. Caldentey and
Haugh (2006) developed an optimal control model that allowed
a firm to dynamically optimize the operation policy and hedging
strategy based on financial markets.

Note that these studies in the literature typically focused on the
optimal strategies of a single firm or a single supply chain con-
sisting of a firm and its supplier. Our research differs from the
above studies in that our model is based on a network equilibrium
approach that allows multiple heterogenous supply chains with
or without financial hedging instruments to compete in a non-
cooperative manner. Our approach allows one to investigate the
interaction between supply chain decisions and financial hedging
decisions in large and realistic competitive markets. In particular,
the contributions of our research to the literature are as follows:

1. Our study is the first attempt to model the financial hedg-
ing decisions and operation decisions of heterogenous firms in
large scale supply chain networks. We prove the existence of
the equilibrium solution to the general network model. We also
prove the monotonicity of the model which guarantees that the
algorithm used in the paper converges to the equilibrium solu-
tion.

2. For a special case of the model we provide and discuss closed-
form analytical results regarding how volatility and the basis
risk affect two competing supply chain firms’ profitability and
risks, which have not been reported in the literature.

3. Our general network model provides a flexible, realistic and
powerful approach which can be applied to study large-scale
real-world problems. Our simulation case studies based on the
general network model discovered findings that could not be
revealed by the analytical results.

4. Our study generates interesting managerial insights which can
help managers and policy-makers better understand the con-
nections between financial hedging and other activities in sup-
ply chain networks in a competitive environment.

In this paper the supply chain firms’ risk averse behaviors
are modeled using the classic mean-variance approach. The
mean-variance framework was originally developed by the Nobel
Laureate Harry Markowitz in his seminal work of portfolio se-
lection, which has become part of the foundation of the modern
finance theory. The mean-variance approach provides very good
approximation to a variety of utility functions and nonnormal
probability distributions, and suggests “good recommendations”
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that result in close-to-maximal utility (Kroll, Levy, & Markowitz,
1984; Levy & Markowitz, 1979; Van Mieghem, 2007). Therefore,
the mean-variance framework has also been widely adapted by
the researchers in the area of operations and supply chain man-
agement to model the risk averse behaviors of decision makers
under uncertain environment. Hodder (1984), Hodder and Jucker
(1985), and Hodder and Dincer (1986) applied the mean-variance
approach in the study of facility location problems. Chen and
Federgruen (2000) developed the efficient frontier for the single
echelon inventory problem based on the mean-variance approach.
Liu and Nagurney (2011) applied the mean-variance framework to
study the operational hedging against foreign exchange rate risk
with competition. The mean-variance approach has also been uti-
lized in many other areas, such as, supply chain coordination (Gan,
Sethi, & Yan, 2004; Choi, Li, Yan, & Chui, 2008), the newsvendor
problem (Choi, Li, & Yan, 2001; Wu, Li, Wang, & Cheng, 2009),
and return policies (Lau & Lau, 1999; Tsay, 2002). For a review
of models using the mean-variance approach in supply chain risk
management, see Chiu and Choi (2016).

In particular, in the literature of supply chain and financial
hedging variance is a widely accepted and commonly used risk
measure. For example, Tekin and zekici (2015) developed a mean-
variance approach to the newsvendor model, which considered the
optimization of both the ordering policy and the financial portfolio.
Goel and Tanrisever (2017) studied the optimal financial hedging
and procurement policies of a firm that purchased an input com-
modity to produce an output commodity. The paper also used vari-
ance and covariance to model the risk. For more research regarding
supply chain and financial hedging which used variance or volatil-
ity to model the risk, see Chen et al. (2014), Chod et al. (2010),
Ding et al. (2007), Gamba and Triantis (2014), Hommel (2003),
Kouvelis, Li, and Ding (2013), Sayin, Karaesmen, and zekici (2014),
Sun, Wissel, and Jackson (2016), and Sun, Chen, Ren, and Liu
(2017). Since our study is in the same research stream, we follow
these studies in the literature to use variance as the risk measure.
Our future research plans to extend the model to incorporate other
risk measures, such as, value-at-risk and conditional value-at-risk.

Next, we briefly recall the variational inequality theory based
on which our model is developed. The variational inequality
problem with finite dimensions, VI (F,K), is to find a vector
X* € K C R", such that

(FXHT,X-X*)>0, VXek, (1)

where F is a given continuous function from K to R", K is a
closed and convex set, and <-.,-> denotes the inner product in
n-dimensional Euclidean space.

The variation inequality theory has a close connection to many
other mathematical programming problems including complemen-
tarity problems, fixed point problems, and optimization problems.
Nagurney (1999) provides a detailed discussion regarding vari-
ational inequality theory and its applications in different areas.
One of the advantages of the variational inequality theory is that
it allows one to naturally integrate equilibrium and optimization
problems to model and analyze large and complex real-world
problems in many fields, such as, transportation, supply chains,
finance, and electric power (see, for example, Cruz & Wakolbinger,
2008; Dong, Zhang, Yan, & Nagurney, 2005; Liu & Nagurney, 2009;
& Nagurney & Ke, 2006). In particular, in the field of supply
chain management, the variational inequality theory has been
used to model the competition and cooperation of companies at
different stages of a supply chain network. For example, Cruz,
Nagurney, and Wakolbinger (2006) used the variational inequality
approach to study social networks and global supply chains with
financial engineering and risk management. For an example of
applying variational inequality models in large-scale problems
using real-world data see Liu and Nagurney (2009).

This paper is organized as follows: In Section 2, we develop
the supply chain network model with financial hedging and
competition. We model the behaviors of multiple supply chain
firms in competitive markets, derive the conditions governing
the equilibrium of the network, and provide the variational in-
equality formulation. We then discuss qualitative properties of the
model in Section 3. In Section 4, we analyze special cases of the
model and provide closed-form solutions and analytical results. In
Section 5, we apply the model to conduct simulation case studies.
Section 6 summarizes managerial insights. Section 7 presents
conclusions.

2. The supply chain model with financial hedging using futures
contracts

We now develop the network equilibrium model of the supply
chain network with financial hedging. We define ¢ € ® as the
scenarios of uncertainty. The uncertainty space ® consists of four
factors: the exchange rate spot prices at stage 2, the exchange
rate futures prices at stage 2, the commodity spot prices at stage
2, and the commodity futures prices at stage 2. We assume that
there are j=1,...,J supply chain firms. We use n, n=1,...,N
to denote the foreign countries, use i, i=1,..., I to denote com-
ponent/part. In addition, the commodity materials are denoted by
m, m=1,...,M. In Tables 1 and 2 we provide the definitions of
the decision variables and model parameters used in our model.
The equilibrium solution variables are indicated by “*”.

2.1. Multi-criteria decision-making behavior the supply chain firms

We now discuss the behavior of the supply chain firms un-
der exchange rate risk and commodity price risk. A simple nu-
merical example of financial hedging using futures is provided in
Appendix. Our model considers the decision process in two time
stages with J supply chain firms, and M demand markets. Each firm
faces two types of decisions: supply chain decisions and financial
hedging decisions. Fig. 1 depicts the timeline of the model with
supply chain and financial activities occurring at each time stage.

We first describe the supply chain decision process of the
firms. In time stage 1 each firm plans the production, and orders
parts it needs from foreign suppliers. The parts will be deliv-
ered later in the second stage. In time stage 2 the firms decide
the quantities of commodity materials they need to purchase from
the spot market, and manufacture the product. In the second stage
the firms also need to pay the foreign suppliers after they receive
the parts. Finally, the firms sell the products in demand markets.
Note that our model allows the supply chain firms to adjust its
production level at stage 2 so that the actual production may not
be equal to the planned production. For example, if in the second
stage the actual commodity material price turns out to be very
high, which significantly increases the cost of the product. The
rising cost will cause the final product price to increase, which
will lower the demand in the market. In this case, the firms may
produce less than planned. This additional operational flexibility
can help the firms better deal with the risk.

Due to the uncertainties of foreign exchange rates and com-
modity prices the firms may choose to use financial markets to
hedge such risks. We now discuss the financial hedging decisions
of the firms. Since the firms order from foreign suppliers in stage
1 and pay for the parts in stage 2 they are exposed to the foreign
exchange risk. We allow the firms to use exchange rate futures to
hedge this risk. In particular, in stage 1 when the firms place or-
ders to foreign suppliers they can purchase/long certain amount of
exchange rate futures. In stage 2, when the firms receive the parts
they pay the foreign suppliers and sell the exchange rate futures.
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Table 1
Decision variables for the global supply chain network with strategic financial hedging model.
Notation Definition
X; NI-dimensional vector associated with firm j; j=1,...,] with components:
{Xji;n=1,...,N, i=1,....1} denoting the quantity of part i ordered from country n. We group all X;s vector X.
Y; M-dimensional vector associated with firm j; m=1,..., M with components: {y;,; m =1,..., M} denoting the quantity of material m firm j expects to
purchase from the spot market at stage 2. We group all Y;s vector Y.
W; N-dimensional vector associated with firm j; j =1,...,J with components: {w;,; n =1,..., N} denoting the quantity of exchange rate hedging contract
n purchased by firm j. We group all W;s vector W.
U; M-dimensional vector associated with firm j; j=1,...,] with components: {u;,;m =1,..., M} denoting the quantity of commodity hedging contract
m purchased by firm j. We group all U;s vector U.
Sikg the supply from firm j in market k in scenarios ¢. We group the sjs of firm j in scenario ¢ into the vector Sj4, the sjs in scenario ¢ into the vector
Sg, and group all Sys into the vector S.
sﬁf}’ the total supply of all firms in market m, that is, Z]j:] Sikg-
Vimg the actual quantity of material m firm j purchased from the spot market in scenario ¢ at stage 2. We group the J;u4 s of firm j in scenario ¢ into the
vector Yj,, group all Yj4 s in scenario ¢ into the vector Y,, and group all y;,4 s into the vector y.
Ziniy the unused quantity of part i firm j has after stage 2 in scenario ¢. We group the zj;4s of firm j in scenario ¢ into the vector Zy, the zj,4s in
scenario ¢ into the vector Z,, and group all Z;s into the vector Z.
Table 2
Parameters for the supply chain network with financial hedging model.
Notation Definition
a; risk averse factor of firm j
Bji The amount of part i needed by firm j to manufacture one unit of its product
Bajm The amount of commodity material m needed by firm j to manufacture one unit of its product
Pk (sig) the inverse demand function at demand market k
Pa; the vector of imported part prices in U.S. dollars in scenario ¢ with component for part i from country n denoted by p;)m.
sz) the vector of commodity prices at spot markets in scenario ¢ with component for material m denoted by pim
CAP; the production capacity of firm j
Cini(Xjni) the transaction and transportation cost of firm j in purchasing part i from country n
Cim P jme) the transaction and transportation cost incurred by firm j in purchasing commodity m from the spot market
Cik(Sikg) the transaction and transportation cost between firm j and demand market k
Ci(Sjg) production cost of firm j
hjn (Win) the cost incurred by firm j in financial hedging for exchange rate risk of country n
i (Ujm) the cost incurred by firm j in financial hedging for commodity m
nd The current exchange rate futures price of country n in stage 1
Nng The exchange rate futures price of country n in stage 2 in scenario ¢
0% The current futures price of commodity m in stage 1
Omg The futures price of commodity m in stage 2 in scenario ¢
Vii firm j’s discount factor for the value of unused part i at the end of the planning horizon
Vv the (NI +2M + N) x (NI + 2M + N) dimensional variance-covariance matrix of the foreign exchange rates, p}i,"i, commodity spot prices, pfp o foreign
exchange futures prices, 17,4, and commodity futures prices, 0 4.
By, The upper bound for x;,;
By, The upper bound for ujp,
By, The upper bound for sj
2o The upper bound for sj;s

In addition, due to the volatility of commodity prices each firm
can also choose to purchase/long certain amount of commodity
futures in stage 1 when it plans for the production. In stage 2 the
firm sells the futures when it purchases the commodity materials
from the spot market.

We use the classic mean-variance framework to model the
supply chain firms optimization problem where they maximize
expected profits and minimize the foreign exchange and commod-
ity price risks. Each supply chain firm’'s decision-making process
can be formulated as a two-stage stochastic programming problem
(see, e.g., Barbarosoglu & Arda, 2004; Dupacova, 1996). In partic-
ular, each supply chain firm needs to determine its optimal part
order quantities and futures contract quantities in stage 1, and its
optimal responses in each scenario of the foreign exchange rate
and commodity price in stage 2. Therefore, each firm maximizes
its expected profit and minimizes its risk. The equilibrium state of
the network is where the optimality conditions of all supply chain
firms are satisfied simultaneously so that no firm can be better off
by unilaterally changing his decisions.

The optimality conditions of all supply chain firms can be
formulated as a finite-dimensional variational inequality problem.

Next, we first model the supply chain firms’ decision-making
problem as a two-stage stochastic programming problem. We will
then develop the variational inequality formulation that governs
the equilibrium state of all the supply chain firms.

2.2. The supply chain firms’ optimization problems

In the first stage, the firms need to determine their part pur-
chase quantities, x;,;, from foreign suppliers. Note that these parts
are delivered and paid later in stage 2. In stage 1, they also need
to purchase/long the exchange rate futures contracts to hedge the
foreign exchange risk. The quantities of the foreign exchange rate
futures, wj,s, are determined using the entire optimization model.
In addition, in stage 1, the firms can purchase/long the commodity
futures contracts. In particular, in order to determine the quantity
of the commodity futures, uj,s, each firm needs to estimate, y;ys,
the expected quantities of the commodity materials it will need in
stage 2. The quantities of commodity futures are also determined
using the entire optimization model.

In stage 2, the actual exchange rate and commodity price
scenario ¢ € ® is revealed. The firms pay the suppliers and sell
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Time Stage 1

The foreign exchange rates and commodity prices at
Stage 2 are unknown.

Supply Chain Activities:

Plan the production level, and place the orders to foreign
suppliers => Decide and order x;,,; from foreign
suppliers.

Estimate the expected usage of commodity materials. =>
Determine y;,. (This information is necessary for
establishing the position of commodity futures)

Financial Hedging Activities:

Establish the positions of foreign exchange futures, and
commodity futures => purchase w;,, foreign exchange
futures and purchase u;,, commodity futures.

Time Stage 2

Now, the actual foreign exchange rates and commodity
prices are observed.

Supply Chain Activities:

The firm receives the parts, x;y;, from the foreign
suppliers, and send payments.

Adjust and decide the actual the production level =>
Sjkg » and sell to the market. If the actual production is
less than Xjp;, Zjnig is the unused parts.

Purchase ¥, commodity materials based on actual
production (sjkg)-
Financial Hedging Activities:

The firm sell the wy,, foreign exchange futures and the
U;,, commodity futures purchased in time stage 1.

—

Time Stage 1

Time Stage 2

Timeline

Fig. 1. Timeline of the supply chain and financial hedging activities.

the foreign exchange rate futures after the parts are delivered
from the foreign suppliers. The firms also purchase commodity
materials from the spot market, and sell the commodity futures.
The quantities of the commodity materials, §;,4S, are determined
based on the actual production quantities of the product, sj4S, in
stage 2. Note that since the part orders were placed in stage 1
before scenario ¢ is known and the actual production quantity is
determined, the quantity of the parts ordered may be more than
the quantity required by production. The unused parts, zjs, can
be held in the inventory for the future. However, the value of the
unused parts is discounted due to the inventory cost.

The goal of each supply chain firm is to maximize the expected
profit and minimize the cost variance due to the exchange rate
and commodity price risk. We now formulate the optimization
problem faced by supply chain firm j; j=1,...,] as follows:

N M
MAX _Z(ngwjn+hjn(wjn))_ Z(Grgujm‘i‘hjm(ujm))
n=1 m=1

_OlJ'R(Xj’YJ"Wj’Uj)+E[(Gj¢(xjni7?jqbsjqb,zjqﬁ)] (2)
subject to:
Yim=Ejmgl. m=1,....M 3)
By, = Xjni =0, n=1,...,N, i=1,...,1,
Bw, >wj, >0, n=1,....N,
By, > Uy >0, m=1,....M, By, >ym=>0, m=1,.... M,
B, =sjkp 20, k=1,....K. By >Jjmp=0, m=1,....M,
Bz, = Zjnip =0, n=1,....Ni=1,...,L (4)

where R(X;, Y;, W;, Up) = IX]. Y] WL UTIVIXT Y] W UTT.
Constraint (3) defines y;, as the expected commodity material
quantity firm j needs in stage 2. Constraint (4) indicates that the
decision variables are non-negative and bounded. The first two
terms in the objective function stand for the cost of exchange
rate futures and the transaction cost of trading these futures,

respectively. The third and the fourth terms represent the cost
of commodity price futures and the associated transaction cost,
respectively. The fifth term of the objective function is the risk
function of foreign exchange rates and commodity prices, which
is represented by the variance of the total cost of the materials
and parts as well as the associated futures contracts. The last term
represents the expected value of the net income of the supply
chain firm in period 2, Gy (Xjn;, ?j¢, Sj¢-Zjg), over all scenarios.

Note that each supply chain firm tries to maximize the ex-
pected profit and minimize the cost variance due to the exchange
rate and commodity price risk. In the first stage, each firm plans
the production, optimize the expected profit, and establish the po-
sitions in futures contracts. These behaviors are mapped in the op-
timization problem (2). Futures here are used to reduce the value
of the cost variations.

In particular, Gjg(Xjy;, §7j¢,5j¢,2j¢) represents the following
subproblem of supply chain firm j in scenario ¢:

K
MAX  Gjp = (i(si)Sjkg)
k=1

N M M
D MagWin + D Ompljm — € (Sjg) = D PrngTims

n=1 m=1 m=1
N I N I
=YD PhigXini + Y D ViiPrioZinie (5)
n=1 i=1 n=1 i=1
subject to:
K N N
ﬂ]jiZSjk¢+ZZjni¢§Zij, i=1,...,1, (6)
k=1 n=1 n=1
ij'¢ =< Xjnis i=1,...,1 (7)
K
Bajm Y _Sikg < Fimg>» Mm=1,.... M. (8)
« k=1
> sikg < CAP;, (9)

k=1
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B, =sjkp =0, k=1,....K. By >Jjmp =0, m=1,...M,
By = Zjnip =0, n=1,... . Ni=1,...,1 (10)

Note that since the supply chain firms have placed the orders
of the parts from foreign suppliers in the first period thus cannot
change x;;;s in the second period. Thus, X;;;s do not depend on
the individual scenario ¢. The first term of the objective function
(5) represents the sum of supply chain firm j’s sales revenues
from all demand markets. The product price of firm j in market k,
,ok(s“”) depends on s"g the total supplies of all firms in market
k. The second and third terms in (5) represent the sales revenues
from the foreign exchange rate futures and the commodity futures,
respectively. The fourth term represents the cost of manufacturing
the products. The fifth term in (5) represents the total cost of buy-
ing the commodity materials from the spot market. Note that the
commodity spot price, p]m " depends on the uncertainty scenario
¢ which is unknown in stage 1. After ¢ is revealed in stage 2 p2 imo
is considered as a constant. The sixth term in (5) represents the
total payout to the foreign suppliers. Note that the part unit price,
p}m i depends on the uncertainty scenario ¢ which is unknown

in stage 1. After ¢ is revealed in stage 2 p]m¢ becomes a constant.

The last term in (5) represents the ending value of unused parts
where y; is the discount factor.

Constraint (6) indicates that the total quantity of purchased
parts is greater than or equal to the quantity of used parts plus
that of unused parts. Constraint (7) ensures that the quantity of
unused parts purchased from a supplier cannot exceed the total
quantity of the parts purchased from the same supplier. Constraint
(8), in turn, reflects that the quantity of commodity materials used
in production is less than or equal to the total quantity purchased
from the spot markets. Constraint (9) represents the production
capacity limit. Constraint (10) indicates that the decision variables
are non-negative and bounded.

Note that in the second stage after the four uncertain factors,
exchange rates, exchange futures prices, commodity spot prices,
and commodity futures prices, are revealed, there will be no un-
certainty in the scenario. The problem becomes a classic Cournot
game. Now, each firm optimizes the actual production decision
Sjkg» commodity purchase, J;,4, and unused inventory, Zg, given
the revealed prices and delivered parts.

Using a standard transformation in the stochastic programming
theory firm j’s two-stage stochastic programming problem can
be rewritten as the following maximization problem (see Birge &
Louveaux, 2011):

N M
MAX — Z(ngwjn + hjn(an)) - Z(Qr%ujm + hjm(ujm))

n=1 m=1
—o;R(X;, Y;, W, Uj) + Zf(¢)|:2(pk(5a”)5]k¢)
Pped k=1

N
+ Z MngWjn + Z Omgljm — Cj(Sjg) — Z PrngYimg
= m=1
NI
=Y PhigXini + Zzyjip}]i¢zjni¢i| (11)
n=1 i=1 n=1 i=1
subject to:
ij=2f(¢)}7jm¢, i=m,....M (12)
¢ped
K N N
,Bljizsjlw‘f'zzjni(bfzxjnia i=1,....1, ¢eo, (13)
k=1 n=1 n=1
Zini¢p = Xjni» i=1,...,1 ¢€CD, (14)

Bojm Y Sikp <Jjmg. m=1,....M, ¢ e, (15)
k=1

K

> sip <CAP;, ¢ @, (16)

k=1

By = Xjni =0, n=1,....N, i=1,....1,

BwjnzwjnzO, n=1,...,N,

By, > Uy 20, m=1,....M,

By,, 2Yim=0, m=1,....M,

Bs; > Sjkp > 0, k=1,...,K

By, =Vjmp =0, m=1,....M,

Bz = Zjnip =0, n=1,... Ni=1,...1I (17)

2.3. The equilibrium of the supply chain network

Definition 1 (The Equilibrium of the Supply Chain Network with
Financial Hedging). The equilibrium state of the entire supply
chain network is one where the optimality conditions for all firms
simultaneously hold, so that no supply chain firm can be better off
by unilaterally altering its decisions.

Theorem 1 (Variational Inequality Formulation). Suppose that the
manufacturing cost function and hedging costs for each supply chain
firm are continuously differentiable and convex (hence, they could be
linear) and that the inverse demand functions are continuously dif-
ferentiable and decreasing functions of the supply. In addition, sup-
pose that the supply chain firms compete in a noncooperative man-
ner. The equilibrium state of the entire supply chain network can be
expressed as the following variational inequality (cf. Bazaraa, Sherali,
& Shetty, 1993; Gabay & Moulin, 1980; Nagurney, 1999): Determine
W+, U*, X*,Y* V% %) e K! satisfying:

ohj,(w?) 3R(X*,Y*,W* U*
S5 e T }

3an J Z f(¢)nn¢

owjp o

hjm (U5,,)
[Wm Wm] + Z Z |:90 jaujm

j=1m=1
OR(X:.Yr, Wr,U)
aujm

-y f«p)@m] o [t — 1]

¢ped
J N 3R(X* Y* W* U*
i ijn,

+ Z f(¢)p}m'¢i|

Pped
' 8R(X]f‘, Yj*, Wj*, U]f‘)
8yjm

] M
+ Z Z Z f(¢)p$n¢ X [yjmqﬁ _y7m¢]

¢ed j=1 m=1

J] N I
=D DD F(DIWiibhig * [Zimi — Znig]

ped j=1n=1 i=1

* [Yim = Yim]

—zzzm%wm %%U¢%%q
ded j—1 k ke k¢

x[Sjkp = Siip] = 0.

Y(W,U.X,Y.Y.ZS) e k', (18)
where Kl=(W,UXY,Y,2ZS|W,UXYYZS) e

R]+N(1+I)+2]M+|<1>U(NI+M+K), and (12) to (17) hold)
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Proof. The theorem is derived based on the standard variational
inequality theory (see Bazaraa et al., 1993; Gabay & Moulin, 1980;
Nagurney, 1999). O

Note that in our model, in the second stage after the four
uncertain factors, exchange rates, exchange futures prices, com-
modity spot prices, and commodity futures prices, are observed,
there will be no uncertainty in the scenario. The problem becomes
a classic Cournot game. So, Sjxs and y;mq in this specific scenario
¢ can be determined precisely. In the equilibrium solution in
Theorem 1, the vectors of of ¥ and S simply consist of the list
of the equilibrium solution in every scenario after the uncertain
factors have been observed.

It is worth noting that when a solution satisfies variational
inequality (18), then all supply chain firms simultaneously reach
the optimality conditions. We can rewrite the variational inequal-
ity formulation (18) in the standard form as follows: Determine
X* e K satisfying

(FXHT.X-X")=0, VXeKk, (19)
where X = W, U,X,Y,Y,Z 57, k=K1,

F(X) = (Fl  FY EX G Fl By Y Vo), (20)

Jno S jme S jnic S jme © jme
; ; W gpU gX Y EY z S
with the functional terms (Fi. Fip F,. Fi FiL o Yo, Y5,) pre-
ceding the multiplication signs in (18). Here <.-> denotes
the inner product in #-dimensional Euclidean space where
H=JN(1+I)+2JM+ |P|J(N[+ M +K).

3. Existence of the equilibrium solution to the general model

We now discuss some important qualitative properties of the
model. In particular, we first present conditions under which an
equilibrium solution to the model exists. We will also prove the
monotonicity of our model, which means that the Jacobian matrix
of the function F(x) given by (20) is positive semidefinite. It is
worth noting that that the role of monotonicity in variational in-
equalities is similar to that of convexity in optimization problems.
It is also critical for the model since it is necessary for the algo-
rithm used in this research to converge to the equilibrium solution.

Theorem 2 (Existence). Variational inequality (16) has a solution if
all transaction cost functions, manufacturing cost functions, hedging
cost functions, and inverse demand functions at all demand markets
are continuously differentiable.

Proof. Given that all decision variables are bounded, the feasi-
ble set of (18) is compact, and nonempty. Since F(X) in (18) is
continuous variational inequality (18) has a solution(cf. Nagurney
1999). O

We now discuss monotonicity conditions of the function F
that enters variational inequality (18). The monotonicity property
is important for establishing convergence of the computational
method used for the model.

Theorem 3 (Monotonicity). Suppose that the inverse demand func-
tions at all demand markets are decreasing, concave (including lin-
ear), and continuously differentiable. In addition, suppose that the
manufacturing cost functions, transaction cost functions, and hedging
cost functions in the model are continuously differentiable and convex
(including linear). Then the variational inequality formulation for the
supply chain network with financial hedging is monotone, that is,

(FX) —FX" )T X =X") =0, VX' X" ek X #X. (21)

Proof. First, we can write the Jacobian matrix of F(X) that enters
(20) as

Quwuxy 0 0
Jacobian = 0 Q;, 0],
0 0 Qs

(22)

where Quuyy is the JN(1 +1) 4+ 2JM x JN(1 +1) + 2JM submatrix as-
sociated with I-‘J‘f{ FJ’rJn F]’fn and Fj‘)’ﬂ i=1,....,, m=1,..,M, and

J=1,....]; Qp, is the J(NI + M)|P| x J(NI + M)|®P| submatrix as-

sociated with Fwa and Fﬁﬁq), j=1,....Ji=1,....,, m=1,..,M,
and ¢ € ®. Qs is the JK|®| x JK|®| submatrix associated with F]5k¢
j=1,....J k=1,....K, and ¢ € .

First, since the transaction cost functions and hedging cost
functions are continuously differentiable and convex, and the
covariance matrix is positive semidefinite, Qwuyy is positive
semidefinite. In addition, since F]‘:nd) and Fﬁ!kb are constant €25, is a
Zero matrix.

Now, we prove that submatrix, €2, is also a positive semidefi-
nite. We first rewrite 2 as

Qs =Q+QF (23)

0¢iSjy) in F3

Sio Tk and Q7 corresponds to
J

where € corresponds to

9 sallx
(o) + e
positive semidefinite.

Now, we prove that QF is also positive semidefinite. Q2 can be
written as

. g . . .
sjk¢] in ij¢. Since cj(5j¢) is convex f is

fgoay, 0 0
0 0
&= @)y 24)
0 - 0
0 0 [(PapAs,
where A’(; is a JxJ submatrix is associated with f[pk(sgg*)Jr
3 (s) - . .
Toig s;fkqﬁ] in Fﬂ<¢>’ for demand market k and in scenario ¢.

Note that the element at row j and column [ of A’(;) is

B (all*) 92 (all*) . . . P (all*)
g Z’l(ld) _ T xSjkp if I is equal to j, and — P Z'ﬁﬁ —
dsk¢ BSﬂf,’) 35k¢

921 () I )
—a Sjkg if | is not equal to j. Therefore, we can decompose
(Skqﬁ
Ag) into three different matrices, A’(; = A’g +A’;§2 +A’$, where
Ap(sy)
gsal’l‘p 0 0
K
0 0
w_| L e S
¢ * asall
K
0
0 o)
St
1 1 1
1 1
allx
Akz _ _apk($]<¢ ) (26)
¢ gsall 1 ’
ke
1 |
1 1 1
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and Firm A:
4 92 py (Sa”*) MAX — %Wy — aaR(x4, Wa) + p (X4 + Xp)Xa — CaXa
B asﬁllz + Y f(@)ngwa — pyxal (28)
Pped
S1k¢ S1ke S1ke Firm B
52’<¢ B T T 52k¢ MAX — T}OWB — O{BR(XB, WB) =+ ,O(XA + XB)XB — CpXp
: : 27
* Sjip (27) + 37 F()ngws — plyxs] (29)
s s Pped
(J-Dk¢ : (J-Dke . . . .
Sikg . S Sig Sikp Since we focus on the impacts of foreign exchange risk and

Since the inverse demand function ,ok(sa” ) is a decreasing

3 pp (20

all k kg k1
function of Skp 35% &
semidefinite. In addition the only non-zero eigenvalue of matrix
all ) ) 8,0,((5;1“*) . . .
Since —— X~ s positive, A? is a pos-

dspy (]

itive semidefinite matrix. The matrix, Aif has only one non-zero

is nonnegative. Thus, A¥%' is positive

A’q‘f is equal to —] a "f;ﬂ

P20y car

eigenvalue which is equal to — o ﬁgz pre

Since pk(sﬁg) is con-

92y (s84) . . . .
“ Tk gl 5 ) S0, AK3 is also positive semidefinite. Now,
Js' agz k¢ ¢

we have shown that Ag”, Ag‘z, and Agﬁ are positive semidefinite,
which implies that A;g and s are both positive semidefinite.

Therefore, the three submatrix of the Jacobian, Qwuxy, Qy,,
Qs are positive semidefinite, the Jacobian matrix of the model is
positive semidefinite, which implies that the variational inequality

formulation of the supply chain network is monotone. O

cave, —

In Section 5 we use the modified projection method (see
Nagurney, 1999) for the computation of the model. The algo-
rithm converges to a solution if F(X) is monotone and Lipschitz
continuous, and a solution exists, which is the case for our model.

4. Analytical results for special cases

In this section, we investigate two special cases of the model
where we present the closed-form solutions of the equilibrium
and provide managerial insights. In particular, we focus on two
supply chain firms who are exposed to the foreign exchange risk.
We simplify the general model in order to focus on the volatility
and basis risk which also helps keep the problem analytically
tractable. In particular, we assume that each firm has one foreign
supplier and there is one demand market. We also assume that
the actual production quantity s is always equal to the planned
production/order quantity x. Note that the impact of this assump-
tion is that the firms lose some operational flexibility and reply
more on financial hedging. We also assume that the transaction
cost for the futures contracts is zero, and the production cost is
linear. We focus on two decision variables, the production/order
quantity x and the foreign exchange hedging quantity w.

It is worth nothing that although in this section we focus
on the foreign exchange risk, under the same assumptions the
analytical results for commodity price risk are the same.

We compare two cases where in the first case both firms can
hedge using futures while in the second case only firm one can
use futures. We will provide analytical solutions and discuss the
results.

Special Case 1: Both firms can hedge using futures contracts

We now assume that both firms A and B are capable of financial
hedging using futures contracts. In this special case, the optimiza-
tion models of Firm A and Firm B can be simplified as follows:

basis risk, we control all the other financial and cost factors
of the two firms. In particular, we assume that the expected
return of the futures contracts is zero, that is, n0=Z¢€¢ Ng-
We also assume that the two firms have the same unit pro-
duction cost and, and let ¢ to represent the sum of the unit
cost and the expected unit purchase cost for the two firms,
that is, c=Y4ce Py +Ca = Ypeo Py + 5. In addition, we as-
sume the inverse demand function is linear, and takes the form:
p (X4 +xg) =a—b(xs +xp). We also assume that the two firms
have the same risk averse factor, . Now, the optimization
problems of the two firms can be expressed as the follows:
Firm A:

2
o2 o
MAX  0(Xa+ Xp)Xa — CXa — & x (X4, Wa)| P PI) (xa, wa)T
opy  OF

(30)

where ag, 07, and o, represent the variance of the exchange
rate, the variance of the futures price, and the covariance between
the two factors, respectively. Firm B’s optimization problem can be
rewritten in a symmetric manner.

Since the objective function consists of the quadratic function
of p(xs+ xB)xA = axA - be —bx,xg) and the covariance matrix,

- x (xA,wA) )”(XA,WA) the Hessian Matrix is negative

semi-definite. Therefore we can obtain the equilibrium solution of

the model by solving the first order conditions of the two firms.

The closed-form equilibrium solutions of the two firms as follow:
Firm A:

or(a—c)
Xp = 2 2 252 31)
—200py? +3bo? + 20020}
w) = (@ —0) (32)

—2a0p? +3bo? 4+ 2a020}

Since firm A and firm B are identical the solution of firm B is
the same as that of firm A. Based on the equilibrium solution we
can obtain the profits and risks of the two firms as follows:

Firm A:

. (a-co)*(—2a03(1-13,) +b)
P *= 1
rofita QaoZ(1-12,) + 3b)? 33)
212 _1 2
Risk,* = %p (Tpy ~ D(@—©) (34)

(—2a0r3, 4+ 3b+ 2002)?

where, rp,; = %, represents the correlation efficient between
the spot price and the future price. Since firm A and firm B are
identical their profits and risks are equal.

Next, we will present propositions that analyze the impacts of
the exchange rate volatility and basis risk on the firms’ profit, risk,
and market price paid by consumers. In our analysis, the exchange
rate volatility is measured by 02, and the basis risk is measured
by 1—|r|.

Note that 03 represents the magnitude of the foreign exchange
risk while 1—|rp,| represents how much the foreign exchange
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Fig. 2. Profit and risk of the firms in Case 1.

risk can be financially hedged. Throughout this section, we assume
that rp, #0.

Proposition 1. As the exchange rate volatility ag increases the profits
of the two firms will increase if v; > 0 and the profits will decrease if
v1 < 0, where:

vi=Q1-rp)(b—2a0;(1-13)). (35)
Proof. See Appendix. O

Proposition 2. As the basis risk 1 — |rp,| increases the profits of the
two firms will increase if v, > 0 and the profits will decrease if v, <
0, where:

vy =b—200;(1-13,). (36)

Proof. See Appendix. O

Proposition 3. As the exchange rate volatility Jg increases the risks
of the two firms will increase if v3 > 0 and the profits will decrease if
v3 < 0, where:

v3=(1-15,)3b-2a0;(1-13,)). (37)
Proof. See Appendix. O

Proposition 4. : As the basis risk 1 — |rpy| increases the risks of the
two firms will increase if v4 > 0 and the profits will decrease if v4 <
0, where:

Vg =1p(3b - 200, (1 —17,)). (38)

Proof. See Appendix. O

We also constructed Fig. 2a and 2b to demonstrate Proposi-
tions 1-4 based on the parameter values: a=10, b=1, c =4,
and o = 0.2. Note that Fig. 1a and 1b do not presents a general
depiction of the impacts, but a visualization of such impacts under
the specified parameters.

Discussion

First, we can see that Propositions 1, 2 and Fig. 2a show com-
plex relationships between the risk factors and the firms’ profit.
We can see that at very low levels of exchange rate volatility and
basis risk, when these risk factors increase the profits of the two
firms also increase. The economic explanation is as follows. In
general, in a duopolistic game due to the competition, the two
firms tend to produce more and receive lower market price than
in a non-competitive setting. Thus, due to the direct competition,
the profits of the two firms in this case are lower than the profits
they could make without competition. Now, as the risk factors

slightly increase from very low levels, due to the fact that the
existence of the basis risk prevents the firms from perfectly
hedging the foreign exchange risk, the two firms will also have
to reduce production and supply levels to lower risk. The reduced
supplies in the market unintentionally alleviate the intensity of
the competition, and increase the price of the products, which
results in higher profits of the two firms. However, as the values
of the risk factors increase more, such effect is outweighed by the
further reduction of productions which leads to decreasing profits.

Second, Propositions 3-4 and Fig. 2b present the impacts of
the foreign exchange volatility and the basis risk on the risk of
the firms. We can see that at the low and medium risk levels,
as the risk factors increase the firms’ risks also increase. At the
high risk levels, as the risk factors rise the firms’ risks stay flat or
slight decrease. This indicates that when the risk factors increase
from high levels the firms further reduce production and sacrifice
profits to control the risk.

Proposition 5. As the exchange rate volatility oﬁ increases the mar-
ket price for consumers will increase.

Proof. See Appendix. O

Proposition 6. As the basis risk 1 — |rpy,| increases the market price
for consumers will increase.

Proof. See Appendix. O

Although the impacts of 03 and 1— |rp,| on the profit and
risk are complicated, Propositions 5 and 6 very clearly show that
these risks always increase the price paid by the consumers.
Therefore, well-functioning financial hedging instruments and
futures markets will benefit consumers by lowering the prices.

Special Case 2: Only one firm can hedge using futures
contracts

In this case, we assume that firm A is capable of hedging using
futures contracts while firm B is not able to conduct financial
hedging. In this scenario, the optimization models of firm A and
firm B can be simplified as follows:

Firm A:

2
MAX  p(Xa + Xg)Xa — CXp — 0 x (X4, Wa) % a”z” (X4, wa)T
GP’I O’n
(39)
Firm B:

MAX  p(Xp + Xp)Xg — CXg — O X OpX3. (40)
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where 03, 0,%, and op, represent the variance of the exchange
rate, the variance of the futures price, and the covariance between
the two factors, respectively. Similar to special case 1 the Hessian
matrix for each firm is negative semi-definite. Therefore, we can
find the solution of the model by solving the first order conditions.
The closed-form equilibrium solutions of the two firms are shown
as follows:

Firm A:

i o2(a—c)(b+2aoc})
Xy =
AT —4020p,207 + 4020207 — daboy,? + 8o2abof + 3022
(41)

B —opy(a—c)(b+2a0})
- —4020p,202 + 4020207 — 4aboy,? + 802abo? + 302b2
(42)

*

Wy

Firm B:

v (a—c)(—2a0p;* + bo + 2a0l0;
P —4a20p,207 + 402020 — 4aboy,? + 802abo} +302b2

(43)

Note that since firm B has no financial hedging capability
it does not have wg. Based on the equilibrium solution we can
obtain the profits and risks of the two firms as follows:

Firm A:

(a—0o)?(b+2a0})?(2ao;(1—r13,) +b)

Profit,* =
fit (420} (1—13,) +4abo? (1 —13,) + 4abo? 4 3b2)2
(44)
Risks* — o2(1—r3,)(a—c)*(b+2a03)?
4 (40203 (1 —12,) +4abo?(1 —13,) + 4abo? + 3b2)2
(45)
Firm B:
Profity” — (a-0)?(b+2a0})(2ao}(1—13,) +b)?
¥ 7 (4020} (1 —13,)) +4abol (1 —12,)) + 4abo} + 3b?)2
(46)
Riske — ol(a—0)?Qao}(1—r13) +b)?
B= (4o20 (1 —13,) +4abod (1 —13,) + 4abo} + 3b2)2
(47)
where, r = 2PL | represents the correlation efficient between the

Opon’
spot price and the future price.
Next, we will present propositions that analyze the impacts of
the exchange rate volatility and basis risk on the firms’ profit, risk,
and market price paid by consumers.

Proposition 7. As the exchange rate volatility og increases the profit
of firm A will increase if vs > 0 and the profits will decrease if v5 < 0;
and the profit of firm B will increase if vg > 0 and the profits will
decrease if vg < 0, where:

vs = 20002 (1 +12,) (1 - 12)) + B (1 +13,) — 830 (12, — 1)?

—4a’bo, (15, — 1)? (48)

Vs = dab’oy (15, — 315, + 1) + b* — 1600 (1 —17,)°
3p,6 22 212 442 2 2
— 16a*boy (1 —1p,)° — 12a°b*o, 15, (1 —15,) (1 = 2r7,)  (49)

Proof. See Appendix. O

Proposition 8. As the basis risk 1 — |rpy| increases the profit of firm
A will decrease; and the profit of firm B will increase.

Proof. See Appendix. O

Proposition 9. As the exchange rate volatility ag increases the risk
of firm A will increase if v; > 0 and the risk will decrease if v; < 0;
and the risk of firm B will increase if vg > 0 and the risk will decrease
if vg < 0, where:

v; = (1 =15 )[-8c’0) (1 —15,) + 4a’boy (15, + 1)

2.+2.2 22 3
+4ab?o 1%, + 10ab?0l + 3b%] (50)

vs = 1202b%0, (312, — 2)(r3, — 1) + 4ab’0 2 (4 - 5r%,) + 3b*

4,8 2 3 3p 56,2 2 2
—16a*0, (1 —13,)° — 16a°boprs, (1 —17,) (51)

Proof. See Appendix. O

Proposition 10. As the basis risk 1 — |rpy,| increases the risk of firm
B will always increase; and the risk of firm A will increase if vg > 0
and the risk will decrease if vg < 0, where:

vy = 4a’a)) (1}, — 1) + dabolry, + 3b%. (52)

Proof. See Appendix. O

We also constructed Fig. 3a-3d to demonstrate Propositions
7-10 based on the same parameter values as in special case 1.
Note that these Figures do not presents a general depiction of the
impacts, but a visualization of such impacts under the specified
parameters.

Discussion

First, Proposition 8 and Fig. 3a and 3b indicate that as the
financial hedging instrument becomes more effective and the
basis risk decreases, the competitive advantage of firm A becomes
stronger which always increases firm A’s profit and decreases firm
B’s profit. Proposition 7 and Fig. 3 a show that the increasing
volatility will amplify firm A’s competitive advantage, and signif-
icantly increase firm A’s profit when the basis risk is low, and
may reduce firm A’s profit when basis risk is high. Proposition 7
and Fig. 2b, in turn, show that the increasing volatility will almost
always decrease firm B’s profit. Only in some extreme situations
where the volatility level is low and the basis risk is high, firm B’s
profit can slightly increase due to the alleviated competition as we
discussed in special case 1.

Second, Fig. 3c and 3d show that in most situations as the
volatility increases, the risks of both firm A and firm B will
increase. Proposition 9 provided the closed-form thresholds of the
impacts. Proposition 10 and Fig. 3c and 3d shows that in most
situations increasing basis risk increases the risks of both firms.

It is noteworthy that both Proposition 10 and Fig. 3d indicate
that increasing basis risk will always increase firm B’s risk which
doesn’t not even use financial hedging. This indirect impact of the
basis risk is due to the competition in the market. When the basis
risk increases financial hedging becomes less effective. Therefore,
firm A has to reduce the production to contain the risk, which
allows firm B to increase production to take more market share.
As a result, the risk exposure of firm B also increases.

Proposition 11. Firm A always has higher profit than firm B.
Proof. See Appendix. O

Although the impacts of 05 and 1- |rpy| on the profit and
risk are very complicated, Proposition 11 confirms that the finan-
cial hedging using futures always provides firm A a competitive
advantage against firm B.

Proposition 12. As the exchange rate volatility 05 increases the mar-
ket price for consumers will increase.
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Fig. 3. Profit and Risk of the Firms in Case 2.

Proof. See Appendix. O

Proposition 13. As the basis risk 1 — |rpy| increases the market price
for consumers will increase.

Proof. See Appendix. O

Similar to special case 1, Propositions 5 and 6 demonstrate
that higher exchange rate volatility and the basis risk always hurt
consumers by increasing product prices.

5. Simulation case studies

We demonstrate our model using two simulation case studies
that focuses on a oligopoly setting with five supply chain firms
(J=5) and one demand market (K = 1). The first simulation case
study focuses on the impact of the exchange rate and commodity
price volatility; and the second case study focuses on the impact
of the basis risk, the effectiveness of financial hedging instruments.

The simulation case studies extend and complement the results
based on the closed-form solutions of the special cases. In par-
ticular, the analytical results are only based on two firms while
our simulation studies can investigate a more realistic setting with
multiple heterogenous firms, which discovers interesting results
that are not revealed by the analytical solutions of the special
cases. For example, our simulation results show that the impacts
of volatility and basis risk also significantly depend on the propor-
tion of the firms practicing financial hedging.

Note that our model is capable of handling even larger net-
works with multiple firms, multiple countries and suppliers,
multiple markets, and multiple commodity materials. In the simu-
lation study we focus on the issue we attempt to investigate while
keeping other factors simple and controlled.

Simulation Case Study 1

In Example 1, we apply our model to study the impacts of for-
eign exchange and commodity price volatilities on the decisions,
profitability, and risks of five (J=5) heterogeneous supply chain
firms. In particular, we consider two types of firms: Type A firms
are able to use futures for financial hedging; and type B firms
cannot conduct financial hedging.

We consider one commodity material (M = 1) and one foreign
country (N = 1) where there is one supplier (I = 1). Since in this
example we focus on the impact of financial hedging on the supply
chains decisions, profits, and risks of the firms, we assume that the
five supply chain firms have the same production cost parameters.

We assume that the covariance matrix of the foreign exchange
rate, the exchange rate futures price, the commodity price, and
the commodity futures price takes the following form:

o2 0.802 0 0

. . 0.802 o2 0 0
Covariance Matrix = 0 0 o2 0852 |’ (53)

0 0 0.802 o2

Note that the futures price of the exchange rate (commod-
ity price) is not perfectly correlated with the exchange rate
(commodity price) due to the basis risk.
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Table 3
The model parameters of example 1.
Notation Value
D(j 0.1, V_]
Biji 1Vi,j
ﬂij 1 Vj, m
Pe(sig) P(silh) = 30 — 0.55¢1 Vi
CAP; 15, Vj
(Si) ¢j(Sjg) =1%Sjp, Vi
nd 4, Vn
0% 4, Vm
Vi 0.8, Vi, j

We consider two sub-cases: 1. There are one type A firm and
four type B firms; 2. there are four type A firms and one type B
firm. For each case we change o2 from 0 to 0.9.

At each level of 62, we use Monte Carlo simulation to generate
1000 scenarios (|®| = 1000) where p}ni¢, Nngs pfmp, Omg follows
a multivariate normal distribution with mean of [4,4,4,4] and
covariance matrix defined by (28). We then solve the equilibrium
solution of model for each level of o2,

The parameters of Example 1 are specified in Table 3. The
unspecified parameters are equal to zero.

Discussion

Figs. 4-6 presents the results of case 1. First, in Fig. 5 we can
see that in both sub-cases and at each volatility level, the profit of
type A firms is always higher than that of type B firms, which is
consistent with analytical results of the special case. In addition,

Fig. 6 shows that in both subcases as the volatility increases the
market product price increases which hurts consumers.

The simulation case study also provides unique insights. In
Fig. 4a (case 1.1) where there is only one type A firm, the pro-
duction level of the type A firm will increase when the foreign
exchange rate and commodity price volatility increases while in
Fig. 4b (case 1.2) where four out of five firms are type A firms the
type A firm’s production decreases as the volatility increases. Such
results demonstrate that the mix of the heterogenous firms affects
the optimal strategy. In case 1.1 when the proportion of type A
firm is low, the type A firm can make the most of its competitive
advantage against the type B firms, expand its market share, and
boost its profit. However, in case 1.2 when the majority of the
firms are able to use financial hedging, the competitive advantage
becomes smaller and financial hedging itself is not sufficient
to control all the risk. As a result, the four type A firms now
have to also reduce their production levels to help manage the
risk.

Fig. 5a and 5b also show that the profits of type A firm increase
as the volatility increases which is consistent with Fig. 2a in the
analytical results when the basis risk, 1—|r|, is relatively low
(correlation coefficient = 0.8 in cases 1.1 and 1.2). The profit of
type B firms, however, exhibits different trends in Fig. 5a and 5b.
In case 1.1 (Fig. 5a) where there is only one type A firm the profit
of type B firms increases as the volatility increases while in case
1.2 (Fig. 5b) the profit of type B firm decreases as the volatility
increases. This is because in case 1.2 when the majority of the
firms can use financial hedging the type B firm struggles more
due to the amplified competitive disadvantage.
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The results in this case study demonstrate that the proportion
of the firms practicing financial hedging greatly affects the impacts
of foreign exchange rate and commodity price volatilities on the
production strategies and profits of the firms. A different mix of
the firms can lead to very different results.

Simulation Case Study 2

Simulation case study 2 investigates how the basis risk affects
the decisions, profits and risks of the supply chain firms. Similar
to the first simulation case study, we assume that in the first
subcase there is one type A firm and four type B firms, and in the
second subcase there are four type A firms and one type B firm.
The parameters of the models in this case are identical to those of
simulation case study 1 except that the covariance matrix is now
defined as follows:

0.8 0.8xr 0 0
. . 0.8x%r 0.8 0 0
Covariance Matrix = 0 0 08 0sxrl (54)
0 0 0.8 %r 0.8

We change r from 0 to 0.9, and at each covariance level solve
the equilibrium model. Note that as the correlation coefficient
between the spot price and the futures price, r, increases the
basis risk decreases, which indicates that the financial hedging
instrument is more effective.

Discussion

Figs. 7-9 present the results of simulation case 2. First, from
Fig. 7 we can see that the in both subcases and each correlation
coefficient level, the production level of type A firm is always

higher than that of type B firm. Fig. 8 also shows that the profit
of type A firm is always higher that of type B firm. In addition,
Fig. 9 shows that in both subcases, the increase of the correlation
coefficient between the spot prices and future prices will lower the
product price paid by the consumers. These findings, in general,
are consistent with the results based on the analytical solutions of
the special cases.

The simulation studies also generated unique insights. From
Fig. 8 we can see that while the profit of type B firms will always
decrease as the correlation coefficient increases, the profit of type
A firm exhibits different trends in two subcases. In particular, in
subcase 1 where only one firm is type A firm the profit of the
type A firm will increase as the correlation coefficient increases.
In subcase 2 where there are four type A firms, the profit of
type A firms will decrease as the correlation coefficient increases.
Note that the increasing correlation coefficient, on one hand, will
strengthen the competitive advantage of type A firms against type
B firms, on the other hand, will also increase the competition
intensity among type A firms. So, our results demonstrate that
whether such advantage can be translated into higher profit
depends on the mix of the firms in the industry.

Moreover, case 2 suggests a potential paradox for the industry,
that is, a more effective financial hedging tool may result in an
equilibrium where every firm makes less profit. From Fig. 8a
and 8b we can see that in each subcase and at each level of the
correlation coefficient, type A firms have higher profit than type
B firms. The profit gap also increases as the financial hedging
instrument has better correlation coefficient. Now, suppose that at
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the beginning, the financial hedging tool is completely ineffective
(correlation coefficient=0), and firms in the industry do not use
financial hedging, which is similar to Case 2.1. From Fig. 8a we
can see that the profit of these firms is a little above 40 when
the correlation coefficient is close to zero. If the financial hedging
instrument is improved and its correlation coefficient becomes
higher and higher. The increasing profit gap between type A and
type B firms will attract more type B firms to start to use financial
hedging and become type A firms. Therefore, the industry becomes
similar to case 2.2 where the majority of the firms are type A
firms. Now, suppose that the financial hedging instrument has
become very effective and its correlation coefficient is 0.9. From
Fig. 8b we can see that the profit of type A firm is around 40 and
the profit of type B firm is only around 30. Therefore, every firm
is now making less profit than before. In summary, in this case,
the increasing effectiveness of the financial hedging tool attracted
more firms to use it, which intensified the competition of the
industry, and resulted in an unfavorable equilibrium for companies
the industry. From Fig. 9, we can see that the consumers gained
from this process by paying lower price.

6. Managerial insights

We now discuss and summarize some of the interesting
managerial insights generated from our analytical results and
simulation case studies.

Our results indicate that if the volatility risk is increasing
from an elevated level, the profits of the firms with financial
hedging capacity are likely to decline. However, if volatility risk is

increasing from a relatively low level, the profits of the firms with
financial hedging capability are likely to increase.

In addition, we find that more effective financial hedging in-
strument that has lower basis risk in general has a positive impact
on the profits of the firms using financial hedging. However, when
two firms with financial hedging compete with each other and the
volatility is at low level, more effective hedging instrument can
actually intensify the competition by allowing the firms producing
more and supplying more to the market, which results in lower
market price and lower profits for both firms. It is also interesting
to see that increasing basis risk will always increase the risk of the
firm that does not even use finance hedging. The indirect effect is
passed through the market competition with the other firm that
performs financial hedging. We proved that rising volatility and
basis risk will always increase the market price of the product,
which hurts consumers. Therefore, a well-functioning and efficient
futures market will always benefit consumers.

Our simulation results show that the prevalent industry prac-
tice is also a very important factor. The mix of the firms with and
without financial hedging can sometimes have a deciding impact
on how the volatility risk and basis risk effect the profitabilities of
the firms.

Our simulation case studies also reveal a potential paradoxical
phenomenon. An increasingly effective hedging instrument may at-
tract more and more firms to use financial hedging. The increasing
number of firms using financial hedging can intensify the market
competition, lower the product price, and finally result in an unfa-
vorable equilibrium for the industry where no firm makes higher
profit than before. Note that the findings from the simulation
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studies are based on multiple heterogenous firms, which is hard
to be discovered through results based on closed-form solutions.

7. Conclusions

This paper studied the financial hedging decisions and op-
eration decisions of supply chain firms under competition. In
particular, we developed a variational inequality model that con-
siders multiple supply chain firms with multiple foreign suppliers
and commodity materials. We allowed the supply chain firms to
use futures contracts to hedge various risk factors. We proved
important qualitative properties for the model. We provided ana-
lytical results for a special case with duopolistic competition, and
used simulations to study an oligopolistic case. We also discussed
the managerial insights generated by the analytical and simulation
studies. One limitation of the model is that it only considered
futures as the financial hedging instruments. Future studies
may extend the model to consider both futures and options.
In addition, future research can also incorporate downside-risk
measures, such as, value-at-risk and conditional value-at-risk into
the decision-making.

Appendix
Proof of Proposition 1. We take the partial derivative of (33) with
respect to o2, and obtain:

dProfit;  2a(1
doZ (ao?(1

—r2)(@-0?*(—2a0}(1-r13) +b)
—12,) +3b)3

(55)

Since a>c and 1y, is the correlation coefficient which is between
0 and 1, the partial derivative is greater than zero if v; = (1 -
2 (b—2002(1-13))>0. O

Proof of Proposition 2. We take the partial derivative of (33) with
respect to rp;, and obtain:

dProfity  —4aorpy(a—c)* (200} (1 -15,) +b)
py (Raog(1—r3,) +3b)3

(56)

Since a>c and rp; is the correlation coefficient which is between
0 and 1, the partial derivative is greater than zero if rp; >0 and
vy = (b—2a0f(1-1%,)) <0, orif rp; <0 and v, = (b - 20} (1 -
rzzm)) > 0. Therefore, when 1 — |rp,| increases the profit increases
ifrpp#£0and 1, >0. O

Proof of Proposition 3. We take the partial derivative of (34) with
respect to og, and obtain:

dRisk; (1 -rp)(a—0)*(=2c0;(1~15,) +3b)

dop (aoZ(1-r13,) +3b)3 (57)

Since a>c and rp, is the correlation coefficient which is
between O and 1, the partial derivative is greater than zero if
v3=(1- rf,,/)(Bb—Zozog(l - r}z,,,)) >0. O

Proof of Proposition 4. We take the partial derivative of (34) with
respect to rp;, and obtain:

ORiskx  —207ry(a—c)?Qaopry, +3b— 20}
oy Qaog(1-r3,) +3b)3

(58)

Since a > ¢ and rp, is the correlation coefficient which is between 0
and 1, the partial derivative is greater than zero if rp, >0 and v4 =
3b-— Zaqg (1-r3)) <0, or_if Ipn <0 gnd v4 > 0. Therefore, when
1 — |rpy| increases the profit increases if 5, #0 and v, > 0. O

Proof of Proposition 5. Based on the equilibrium solution, we ob-
tain the market price as follows:

a—2b(ao; —coy)

= 59
p —200p% + 3bo? + 2a0 20} (59)

We take the partial derivative of the price with respect to 03,
and obtain:
dp* 4ab(1 —r5,)(a—-c)

= 60
do  (aof(1-r3,)+3b)? (60)

Since a> c and 1y, is the correlation coefficient which is between
0 and 1, the partial derivative is always nonnegative. [

Proof of Proposition 6. We take the partial derivative of the price
(see the proof of Proposition 5) with respect to r;,, and obtain:

ap* —8abo 2y, (a—c)
Oy, (2eo2(1—r2,) +3b)2

(61)

Since a > ¢ and rpy is the correlation coefficient which is between 0
and 1, the partial derivative is less than zero if rp; >0 and greater
than zero if rp; <0. Therefore, when 1 — |rp,| increases the price
increases. O

Proof of Proposition 7. For firm A we take the partial derivative
of (44) with respect to aﬁ, and obtain:

dProfit; 2a(a—c)?(b+2a0}) xvs
dof  (4a2of(1—r1%,) +4abof (1 —13,) + 4abof + 3b2)3
(62)
where
s = =80 (15, — 1)* — 4a*boy (15, — 1)
+2ob’2(1+12)(1 —12,) +b*(1 +1%) (63)

Since a > c the partial derivative is greater than zero if vs > 0.
For firm B we take the partial derivative of (46) with respect to

o2, and obtain:

b
dProfity 2a(a —c)%vg
dof  (4a20)(1—r3,) +4abod(1 —r3,) + 4abo} + 3b2)3
(64)
where

Ve = dab’oy (ry, —3rp, + 1) + b* — 160 (1 —13,)°

= 160°bof (1 —r17,)* — 1202?01, (1 —13,)(1 = 2r5,)  (65)

Since a>c the partial derivative is greater than zero if
v6>0. O

Proof of Proposition 8. For firm A we take the partial derivative
of (44) with respect to rp;, and obtain:

dProfity daolrp(a—c)*(b+2a02)*(2aoy (1 —15,) +b)?
arpy  (4a2of(1—r3,) +4abot (1 —r13,) + 4abo} + 3b%)3
(66)

Since a>c and rp, is the correlation coefficient which is be-
tween 0 and 1, the partial derivative is greater than zero if rp; >0
and less than zero if if rp; <0. Therefore, when 1 — |rp,| increases
the profit increases.

For firm B we take the partial derivative of (46) with respect to
Tpy, and obtain:
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aProfit; _ —8abotry,(a—c)*(b+2a0})?2acl (1 —13,) +b) dRisk;; _ —8abofry,(a—c)*(b+2a0?)2aoZ(1—13,) +b)
dpy (4a20y (1 —r13,) +4abo?(1—13,) + 4abo? + 3b2)3 Irpy (4?01 —r13,) +4abog (1 —r13,) + 4abo? + 3b2)3
(67)

Since a>c and 1y, is the correlation coefficient which is between
0 and 1, the partial derivative is greater than zero if rp; <0 and
less than zero if if ry; > 0. Therefore, when 1 — |rp,| increases the
profit decreases. O

Proof of Proposition 9. For firm A we take the partial derivative

of (45) with respect to 03, and obtain:

Risk; (a—0o)?(b+2a0})v;
dop  (4a2op(1-r3,)) +4abo(1 —12,) +4abo} + 3b2)3
(68)
where
v; = (1=15,)(=8a’a ) (1 —13,) + 4a’boy (15, + 1)
+4ab*oprs, + 10ab’o; + 3b%) (69)

(74)

Since a>c and 1y, is the correlation coefficient which is between
0 and 1, the partial derivative is greater than zero if rp; <0 and
less than zero if rp; > 0. Therefore, when 1 — |rp,| increases firm
B's risk increases if rp; 0. O

Proof of Proposition 11. We subtract firm B’s profit from firm A’s
profit and obtain:

Profit, — Profity
200213, (a—0)*(b+200?)2aol(1 —12,) +b)

= 75
(4020, (1 —13,)) +4abo? (1 —13,) + 4abo} + 3b%)2 (75)

Since a>c and 1y, is the correlation coefficient which is between
0 and 1, the difference is greater than zero. O

Proof of Proposition 12. Based on the equilibrium solution, we
obtain the market price as follows:

2524 9h2c0 2 2 2 25 2452 25254 252 252
, _ ab’oy+2b%co;—2aaboy,” —2abcoy,”—4aatop, oy +4aa oy 0y +4aabo; oy +4abeo;o

n-p (76)

p =

dp* _ 2ab(a—c)(4a’o) ((r},~1)*+1-1},)+8aboy (1-r})+b*(2—1},))

4020202 20204— 2 2abo2 2p2
do?opy’og+aoialo, —4abop,?+80rabog+302b

We take the partial derivative of the price with respect to Ug,
and obtain:

(77)

doj (—4a2o 12, +4a2of—4abors, +8abo3+3b?)2

Since a>c and ry; is the correlation coefficient which is be-
tween 0 and 1, the partial derivative is greater than zero if v; > 0.
For firm B we take the partial derivative of (47) with respect to

o2, and obtain:
oRisky (a—c)3vg
dof  (4a2op(1—r13) +4abo?(1 —r13,) + 4abog + 3b2)3
(70)
where
vg = 120%b%0,} (315, — 2)(r;,, — 1) + 4ab’o) (4 — 515,) + 3b*
—16a*o S (1 —13,)* — 16abo 515, (1 —17,)2. (71)

Since a>c and rp, is the correlation coefficient which is
between O and 1, the partial derivative is greater than zero if
vg>0. O

Proof of Propesition 10. For firm A we take the partial derivative
of (45) with respect to rp;, and obtain:

oRisk; 2021y (b + 2a0}2)?vg
oy (4a20f (1 —r13,) +4abo2 (1 —13,) + 4abo} + 3b2)3
(72)
where
Vg = 4a20§(r12m —1) +4abojrs, + 3b%. (73)

Since a>c and 1y, is the correlation coefficient which is between
0 and 1, the partial derivative is greater than zero if rp,; >0 and
Vg < 0, or if rp; <0 and vg > 0. Therefore, when 1 — |ry;| increases
the profit increases if r; #0 and vg > 0.

For firm B we take the partial derivative of (47) with respect to
Tpy, and obtain:

Since a>c and rp; is the correlation coefficient which is be-
tween 0 and 1, the partial derivative is always nonnegative. O

Proof of Proposition 13. We take the partial derivative of the

price (see the proof of Proposition 12) with respect to r,;,, and ob-

tain:

3p* —4abotry,(a—c)(b+2a0})?

Orpy  (4o20f(1 —1%,) + 4abo? (1 —r3,) + 4abo? + 3b2)2
(78)

Since a > ¢ and 1y, is the correlation coefficient which is between 0
and 1, the partial derivative is less than zero if rp; >0 and greater
than zero if rp; <0. Therefore, when 1 — |rp;| increases the price
increases. [

A Simple Example of Financial Hedging using Futures Con-
tracts

Futures contracts have been widely used by supply chain firms
including suppliers and manufacturers to hedge various risks, such
as, foreign exchange risk and commodity price risk. We now use a
simplified example to briefly explain how futures contracts can be
used to hedge foreign exchange risk. Suppose that a manufactur-
ing firm in the U.S. orders some parts from a supplier located in
country X. The parts will be delivered in eight months after which
the payment will be made in country X’s currency. The total price
of the order is 1 million in country X’s currency. Suppose that the
current exchange rate of country X's currency to U.S. dollar is 2
to 1, which means that current cost of the order is 500,000 U.S.
dollars. If after eight months the exchange rate rises to 1.5 to 1,
the manufacturer needs to pay 1 million/1.5=666,666.67 U.S. dol-
lars. In order to hedge such risk the U.S. firm can long 1 million
country X's currency futures now which allows the firm to buy 1
million country X’s currency for $500,000 in eight months. In eight
months after the parts are delivered the U.S. firm sells the futures
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contract and receives $666,666.67-$500,000=$166,666.67. The
firm can then add this additional revenue from the futures market
to $500,000, and pay the supplier $666,666.67. Note that the in-
crease of the value of the futures contract offsets the extra cost due
to the exchange rate change. On the other hand, if the exchange
rate moves in favor of the manufacturer the gain will also be offset
by the loss from the futures contract. In realty, however, the price
of the futures usually is not exactly equal to the exchange rate at
the spot market, which is called the basis risk. Due to the basis
risk the exchange risk cannot be fully hedged, and the effectiveness
depends on how closely the price of a futures contract and the
spot market price are correlated. The commodity price risk can be
hedged in a similar manner, which is also subject to the basis risk.

For a complete discussion and review of futures contracts and
hedging strategies we refer the audience to the book by Hull
(2002).
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