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ABSTRACT

In recent years, there have been substantial interests in the joint production of ethanol
and distillers grains (E&DG) from corn. At the same time, there have been corresponding
increases in the production of animal feed based on distillers grains (DG). Under such
circumstances, ethanol and DG are produced by an E&DG producer, and DG serves as input
to feed production by a feed producer.The objective of this paper is to study the strategies of
both producers in different models in order to maximize their own profit with more ethanol
produced by consuming more DG in the feed market.

First, we investigate the economic relationships such as pricing between the E&DG
producer and the DG-based feed (feed) producer under Stackelberg competition as well as
under coordination when both producers have their own linear production costs, respectively.
(1) Specifically, for competition, we construct a Stackelberg model with an E&DG producer
as the leader and a feed producer as the follower, and examine the consequences in terms of
profits, prices, and production and purchase quantities. As the DG fraction increases, the
E&DG producer loses or gains more profit than the feed producer under different conditions.
Under specific condition, as the DG fraction increases, both producers have higher profit
with the higher quantity of DG as well as ethanol so as to help the increasing ethanol market.
(2) For coordination, we consider a centrally coordinated model where producers are viewed
as one group. Compared with the Stackelberg model, the centrally coordinated model has
higher total profit to be shared by both producers as they are optimizing the total profit as a

single company with more DG as well as ethanol produced.
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Second, this paper extends Stackelberg model with a quadratic unit joint production cost
for the E&DG producer. For this model, we investigate the economic relationships such as
pricing, profit for both producers and compared with the eugilibrium solution in the

Stackelberg model with a linear joint production cost for the E&DG producer.

Key Words: Game theory; Supply chain; Ethanol; Distillers grains; DG-based feed
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1. INTRODUCTION

As the renewable energy consumption in the U.S.A. grows, ethanol, a renewable source
of energy as supplement for gasoline, is increasing by the stimulation. Nowadays, ethanol is
the only renewable motor fuel produced in large quantity, i.e., the United States produced 3.9
billion gallons of ethanol in 2005, up from 3.4 billion gallons in 2004. In addition, most
ethanol is produced from corn. For instance, approximately 97% of ethanol in the U.S.A. is
produced from corn. The corn-based ethanol industry is poised to significantly contribute to

meet rising energy demands in the coming years.

1.1 Introduction to the corn-ethanol industry

In 2006, there were 102 ethanol bio-refineries with another 42 under construction, up
from 50 ethanol plants in 1999. lowa and other states in Midwest America form the
traditional corn zone and this area is quickly becoming the major area for corn-ethanol
production. Dry mill processing of corn results in two products—ethanol and distillers grains
(DG). Approximately 1/3 ton of each of the constituent products are produced from 1 ton of
corn processed [1]. As a renewable energy source, ethanol is becoming more available for
automobiles around the United States.

The ethanol industry has changed the shape and structure of the corn industry in recent
years. More policies from the federal and some states are keeping stimulating the ethanol
industry to expand. The implementation of the Clean Air Act in 1990 helped propel
renewable energy. In several states, there is a 10% ethanol mandate, e.g., all gasoline sold in
the state of Minnesota (1997), Hawaii (2006), Montana (2006), Missouri (2008), and

Washington (2009) must contain at least 10% ethanol. In addition, the EPAct has several
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important incentive provisions. The most widely publicized provision of the EPAct, the
Renewable Fuel Standard (RFS), applies to corn ethanol. Implementation of the RFS began
in 2006 with 4 billion gallons per year, and is predicted to increase to 7.5 billion gallons per
year by 2012 [2]. Currently, the subsidy policy to the bio-fuel, mixing ethanol with gasoline,
is volumetric ethanol excise tax credit (VEETC).

The incentives from the states play an important role for the expansion of the local
ethanol industry. For example, Minnesota has an incentive program of 20 cents per gallon on
up to 15 million gallon of ethanol per year for maximum of 10 year; and Wisconsin has the
similar policy of ethanol production incentive to corn-ethanol producers with 20 cents per
gallon produced.

As we know, several outputs that emerged from a single productive activity are the
fundamental economic situation. More and more DG are produced as the expansion of the
corn-ethanol industry, since it is one of the joint products in corn-ethanol production.
Generally, DG is sold to the feed producer or local livestock producer as a protein source for
beef, swine, cattle, poultry, and so on [3], e.g., Land O’Lakes Purina Feed LLC purchases
DG for their feed manufacturing [4].

Hawkeye Energy holding LLC, an important corn-ethanol producer in the state of lowa,
sells DG to local livestock producers and interacts with feed companies on a daily basis
around each of its ethanol plants. Behnke [5] mentions that the volume available and the
relative price of DG have forced many feed producers to using greater levels than before. “In
the past, the ethanol producers wanted to ‘make the mash go away’ and livestock producers

said they would use it only because it is free. Today, ethanol producers see it as a viable and

www.manaraa.com



valuable co-product and livestock producers determine how to best utilize it in their
ingredient feed mix” [6].

From a survey, DG is shipped to local (51%), state (33%) , export (14%) as the
ingredient in the feed, and other (2%) as the industrial use. DG is used in livestock rations as
the protein supplement [7], and less than 30 to 40% of the ration dry material (DM) as DG
can be fed to some dairy cattle or around 40 to 50% can be included in the diets of finishing
cattle. When feeding more than 20% DG, the livestock producer is likely to feed excess
protein. To counter this, forages consisting mostly of corn silage and excess phosphorus are a
consideration [8],[9].

Some researches show that the U.S. livestock feed demand for DG can accommodate the
rapid growth in DG production. Also according to the responses from 10 ethanol producers,
i.e. ADM, Hawkeye, ACE, etc., all DG is sold out without surplus nowadays. In 2008, 23M
tons of DG was produced in U.S.A. From the record in Oct. 22, 2009, the capacity of ethanol
in USA is 13131.4 million gallon per year (39.8M tons per year). Therefore, the capacity of
DG is almost 39.8M tons/year by following the 1:1 fixed proportional rate between ethanol
and DG.

However, with the rapid expansion of the ethanol industry, the production of DG as
byproduct also keeps the rapid growth. According to the Energy Independent and Security
Act of 2007, the renewable fuels standard (FRS) requires 36billion gallons of ethanol=109M
tons in 2022. So, the capacity of DG will be at least 109M tons/year. Although the feedlot
farmer can consume more DG with the higher inclusion rate in the feed, and there exists the
potential growth export market, it will be a big problem in the next decade that the supply of

DG from the ethanol producers is becoming greater than the demand from the feed producers.
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All ethanol producers have to face the problem how to deal with the excess distillers grains.
Therefore, it is important to propose some strategies for the corn-ethanol supply chain to
overcome the potential challenge in the next several years.

Based on the industry, what this paper depicts is a two-producer vertical channel. An
upstream producer produces two outputs from the same process, and a downstream producer
utilizes only one of the two outputs as intermediate material in her own production. In this
paper, the upstream producer is the producer of ethanol and DG (the E&DG producer), who
produces ethanol and DG from corn, and then sells ethanol to the ethanol-based fuel market,
e.g., ADM (Archer Daniels Midland). AMD has sales from the bio-products segment of
about $3.59 billion in 2008, up from $3.06 billion in 2007. The downstream producer is the
DG-based feed producer (the feed producer), who purchases DG as the ingredient for feed
production, e.g., Land O’Lakes, who has the sales from the feed segment of about $3.9
billion in 2008, up from $3.1 billion in 2007.

The price the E&DG producer sets and the quantity of ethanol this producer produces do
not have any effect on the market price. Each is small, relative to the ethanol market.
Therefore, the E&DG producer does not need to worry about what price to set for ethanol.
Instead, E&DG producer is concerned with only how much to produce [10]. Nowadays, in
the U.S.A. ethanol market, there are more than 100 ethanol producers, and none has a
dominant market power in the ethanol market [7],[11],[12]. Bole and Londo [13] mentioned
the bio-fuel industry is mostly a price-taker, because the price of ethanol is not promptly
followed by an increase in the feedstock price.

In recent years, expansion of the ethanol industry has attracted substantial research

attention. The production quantities of ethanol, DG, and DG-based feed also increase.
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However, corn is main ingredient in feed, and its price is a fluctuant factor. Under such
circumstances, we investigate the impact from the change in the DG fraction on the ethanol
market when the other ingredients' cost increases as the corn price increases. The objective is
to find under some specific conditions, the increase of the DG fraction can increase the
amount of DG as well as ethanol for helping the expanding ethanol market when the other
ingredients’ cost increases. In addition, we investigate the competitive and the coordinated
relationship for the E&DG producers and the DG-based feed producers. The objective of this
paper is to gain insight from the competition and coordination between these two producers
with the joint production, which one is helpful to the quick expanding ethanol market, and
how both producers can be better off. Since the rapid growth of DG is caused by the
expanding corn ethanol industry, how the huge amount of DG can be solved by the
comparison between the competition and coordination.

Most of the studies focus on the measurement of the market structure and power for a
single product, and ignore the joint products in a vertical structure supply chain.
Alternatively, the joint production cost is allocated to determine the price for each output. In
this paper, two producers in the game competition are—one is operating the joint production
without cost allocation for the price making, the other is operating processing production.
The producer operating the joint production is the price-taker for one product and the price-
maker for another product.

Motivated by this, we address the following questions in this paper: What is the
equilibrium solution for the joint production? What is the condition under which the increase
of the DG fraction can increase the amount of DG as well as ethanol and the profit of both

producers? What is the economical impact under the Stackelberg model after comparing with
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the centrally coordinated (CC) model? In such a case, what is the supply chain contract for
pursuing channel coordination? Moreover, what is the impact from the price of one product

given by the market?

1.2 Literature Review

Mathematical methodology provides relative techniques for economic analysis. In the
vertical structure with joint products, the tasks are to solve the equilibrium solution, to
determine the optimal solution in the centrally coordination, and to establish the contract for
the coordination. Consequently, we reviewed papers related to game theoretical models of
successive monopolists’ supply chain.

Relative to the big ethanol market, the E&DG producer is small and is concerned with
only how much to produce [7], i.e., in the U.S.A., all ethanol producers have not a dominant
market power in the ethanol market [5].

As for the game with the joint production, Elishberg and Steinberg [14],[15] modeled
joint production-marketing strategies for two firms with asymmetric production cost
structures in Stackelberg competition, where the producer is the leader and the distributor is
the follower. Baumgartner [16] established a similar configuration as our paper, by exploring
the price ambivalence of secondary resources on a vertically integrated two-sector economy.

As Cheng and Liao [17] mentioned, many producers involved with chemical, petroleum
production, and meat packing production use the cost-plus pricing approach to determine the
selling price for products. In this situation, joint costs are allocated before the determination
of the joint product cost-plus price. In this paper, however, the cost allocation is not

implemented into the model.
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Tirole [18] investigated the concept of vertical supply chain with double marginalization
in the industrial organization. Double marginalization refers to the loss of profits and higher
retail price in a decentralized supply chain because of two successive mark-ups. Double
marginalization occurs because the retailer does not consider the producer’s profit while
setting the retail price. Weyl [19] described the Spengler-Stackelberg industrial organization.
There is a common additional assumption that upstream chooses its prices before
downstream in the spirit of von Stackelberg. Jeuland and Shugan [20] and Irmen [21] studied
the absolute output margin as the decision variables under the Cournot scenario. Jeuland and
Shugan [20] investigated the double marginalization in several scenarios under general
conditions. They showed that a channel of distribution consists of different channel members,
each having their own decision variables.

In addition, Young [22] studied that two firms make pricing decisions simultaneously by
their own output margin to reach a Nash Equilibrium. Lee and Staelin [23] investigated
different supply chain structures and power scenarios in two echelon supply chains such as
the producer-leader and retailer-leader, etc. They found the type of vertical strategic
interaction (VSI), as defined by the slope of the followers’ response function, is the driving
force behind equilibrium decisions on supply chain leadership and pricing. In addition, they
demonstrated the linear demand function is not a necessary condition for any type of VSI and
suggested the linear-nonlinear dichotomy is not important for robustness of the analytical
results. Lau and Lau [24] compared different possible gaming processes in two-echelon
vertical supply chain consisting of a producer and a retailer. They discussed the producer
being the leader, the retailer being a leader by declaring a dollar output margin, and the

retailer being the leader by declaring a percentage margin.
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Yang and Zhou [25] considered pricing and quantity decisions of a two-echelon system
with a producer who supplies a single product to two competitive retailers. They analyzed the
effects of the duopolistic retailers’ different competitive behavior: Cournot, Collusion and
Stackelberg. The comparison of the equilibrium solutions for these three two-echelon models
is made. Choi [26] studied three non-cooperative games of different power structures
between the two producers and the retailer, i.e., two Stackelberg games between each of the
producers and the retailer, and one Nash game.

Bard et al. [27] and Rozakis et al. [28] studied the Stackelberg model in which the
government has the leadership in the corn-ethanol production.Tyrchniewicz [29] figured out
that the supply chain leadership in the corn-ethanol industry usually is holdby the E&DG
producer.

Compared to the competition, Jeuland and Shugan [20] explored the problems inherent
in channel coordination, and addressed some questions. The structure of the simple model is
directly usable to analyze the case of a franchise in which a producer sells locally one
product through one retailer. Savaskan and Bhattacharya, etc. [30] also presented the case
with the centrally coordinated system as the benchmark scenario to compare the
decentralized models with respect to the supply chain profits and the performance.

Frohlich [31] pointed out, in practice, an integration of several producers is difficult to
achieve, in spite of knowing the theoretical benefits of supply chain integration for years. In
the real world, the E&DG producer and the feed producer are separate from their own
business.

Cachon and Lariviere [32] studied the supply chain coordination with a revenue sharing

contract. This type of contract is prevalent in the videocassette rental industry relative to the
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price contract. Giannoccaro and Pontrandolfo [33] proposed a coordinated model with three-
stage supply chain, based on the revenue sharing contract. So far, different contract models
have been developed, including the revenue sharing contract, the quantity discount contract,
the incentive mechanism, etc. Zhao and Wang [34] made a profit improvement by extending
the Stackelberg model with a proper contract design. Yu et al. [35] pointed out that the
Stackelberg equilibrium can be improved to further benefit the producer and its retailers if
the retailers are willing to cooperate with the producer by using a cooperative contract. In this
paper, a particular revenue sharing contract is utilized by the players in the Stackelberg game
for gaining a higher profit by channel coordination.

For the game theory with constraints, Breton and Zaccour [36] studied that the
Stackelberg game with a security constraint for the follower and presented the equilibrium
solution under the specific condition characterized by parameters. Shantha Daniel [37] solved
that the Stackelberg model for the electricity firms in a successive structure with some
constraints. Baumgartner and Jost [38] and Baumgartner [16] obtained the equilibrium
solution by taking into account the joint production problems, where a constraint about the
disposal of the excess of secondary resource is considered. Breton, etc. [39] studied several
game theoretical models in environmental projects.

In this paper, mathematical programming models are built for two outputs (i.e., ethanol
and DG) which necessarily emerge from a single activity of processing corn. So, the
organization of for the Stackelberg model without constraint is described as follows. Chapter
2 sets up the model environment, including the definition and notation for the models, and
states the assumption conditions; establishes the E&DG producer-driven Stackelberg model

with the linear unit joint production cost; obtains the equilibrium solution in the ED model;
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and makes the robust analysis to selected parameters in the Stackelberg model. In chapter 3,
the centrally coordinated model (CC) on the vertical structure supply chain is extended and
proposed as a benchmark so asfor a comparison with the Stackelberg model. In chapter 4, the
E&DG producer-driven Stackelberg model with a quadratic unit joint production cost (EDQ)
is developed, and then the comparison between the ED model and the EDQ model is
executed. In chapter 5, the numerical applications for all models arepresent, with two
numerical comparisons: 1) one is between the ED model and the CC model, and 2) one is
between the ED model and the EDQ model. Chapter 6 concludes our findings and suggests

future research.
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2. THE E&DG PRODUCER-DRIVEN (ED) STACKELBERG

MODEL

2.1 Model environment

The following model with an E&DG producer as well as a feed producer is inspired by
the example of ethanol and DG from corn. Both ethanol and DG emerge from a single joint
production activity of the E&DG producer. Ethanol is sold to various customers in the
ethanol market at a certain price, such as BP, Conoco-Phillips, etc.. DG is sold to various
feed producers with a certain price, e.g., Land O’Lakes, whom in turn, sells feed to
customers in the feed market with a certain price, such as local feedlot. In this paper, we
model this economical relationship between a single representative E&DG producer and a
single representative feed producer as depicted in Figure 2.1. The E&DG producer is denoted

as “he” and the feed producer is denoted as “she” where applicable throughout this paper.

The producer of
ethanol and DG

pe pd V
The DG-based feed
producer
Py
\/
Customers of Customers of
ethanol DG-based feed

Figure 2.1 Configuration of the ED model with one E&DG producer and one feed producer
So far as we know, ethanol and DG are produced from corn in the production of the

E&DG producer. Then, DG serves as input for the process of feed production. Feed consist
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of other ingredients and DG and is produced by the feed producer. In summary for
transactions in the supply chain, the E&DG producer sells ethanol to customers of ethanol
such as the ethanol-based fuel producer, and at the same time sells DG to the feed producer;
the feed producer in turn sells feed to customers of DG-based feed in the feed market.

2.1.1 Definitions

On this subsection, we first present the following list of notations.

Parameters
k the proportion of ethanol produced from one unit of corn
K, the proportion of DG produced from one unit of corn

., the joint production cost of processing one ton of corn ($/ton)

. the corn price ($/ton)

the processing cost to obtain one ton of feed ($/ton)

; the cost of per ton of other ingredients in the feed production ($/ton)
T, the fraction of DG in DG-based feed (the DG fraction)

p,  the price of ethanol ($/ton )

ay  the maximum price of DG-based feed

fm

C
C
c
c

B,  the price sensitivity to demand of feed
¢, thedrying cost of obtaining one ton of DG ($/ton)

Decision variables for models
p, theprice of DG ($/ton)

p, the price of DG-based feed ($/ton)

Dependent variables and other economic variables
D, Dy =(ay — Py )/ By » the quantity of DG-based feed (ton)

D, the demand quantity of DG (ton)

Q the quantity of corn used for the E&DG production (ton)

Q, the quantity of DG produced from the E&DG production (ton)

Q. the quantity of ethanol produced from the E&DG production (ton)
D,  the demand quantity of ethanol (ton )

[I. the E&DG producer’s profit ($)

I1 the feed producer’s profit ($)

n
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[1.. the total profit of the whole supply chain ($)
R,  the revenue from selling ethanol ($)

R,  therevenue from selling DG ($)

R, therevenue from selling DG-based feed ($)

As for expenses, C,, is the cost to produce k,tons of ethanol and k, tons of DG from
one ton of corn;c_is the corn price per ton; c, is the processing cost when producing one
ton of feed; and c, is the cost of other ingredients (e.g., forage, alfalfa, corn, etc.). Thus,
C; (1—rf)is the cost of other ingredients in order for producing one ton of feed which
contains z, tons of DG.

P, is the price of ethanol sold by the E&DG producer to the ethanol market. p, is the
price of DG sold from the E&DG producer to the feed producer. p, is the price of DG-
based feed sold by the feed producer to customers in the feed market. In this paper, p,, py

are decision variables in the competition environment, and p, is the decision variable in the

coordinated environment.

For simplicity, we utilize “ton” to describe the measure unit of all relevant products
(including corn, ethanol, DG, other ingredients, and feed), and use the conversion: 1 ton =
330 gallon to convert ethanol price, typically represented by $/gallon to $/ton; 1ton = 39.36
bushel to convert corn price, typically represented by $/bushel to $/ton [40].

2.1.2 Assumptions

Al The demand function of feed is assumed as D, =(ay — Py )/ By . Which is widely

utilized in some supply chain literature [27],[32],[33]. Thereby, the demand of feed D, is a
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decreasing linear function with respect to p, . a, >0is the maximum feed price which is
greater than the optimal feed price p, , and g, > 0is the price sensitivity to the demand of
feed. We assume the quantity of ethanol, DG and feed is positive, the price of DG as well as
feed is positive. The quantity of feed is D, € (0, / By ), and the feed price is p, (0,2, ).

The quantity of feed D, is assumed to be positive, because the supply chain in Figure 2.1
does not exist if the quantity of feed is less than or equal to zero; the quantity of feed D, is
assumed to be less than e, / S, , because the DG price will be non-positive if D, is greater
than or equal to e, / S, . When the DG price is negative, the E&DG producer will discard

DG freely in order to avoid the lose in selling DG, and when the DG price is zero, the E&DG

producer will not like to cost in drying DG for nothing revenue from selling DG.

A2. k, and k, are the fixed proportions, where k,,k, >0are constant values.
Processing corn into ethanol and DG requires fixed proportions of ethanol (k,) and DG

(k,) per unit of corn processed [7]. In addition, we assume DG is dried to 0% maoisture,

although most E&DG producers produced dry DG to about 10% moisture.
A3. The customers in the ethanol market and the DG-based feed market respectively
consume all produced ethanol and feed. In addition, all produced DG is sold to the feed
producer as the raw material in the DG-based feed production and the feed producer
purchases DG only from the E&DG producer.

The quantity of DG sold to the feed producer is determined by the demand of feed and

the DG fraction, D, = D, 7, . The E&DG producer exactly satisfies the demand of DG from

the feed producer, Q, = D, = D, 7, . The produced amount of ethanol is equal to the demand
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of ethanol from the ethanol market, Q, =D,. As shown in the assumption A2, k, ton of
ethanol and k; ton of DG from are produced from one ton of corn. Givenr, , producing one
ton of feed requiresz, ton of DG; z, ton of DG are produced fromz, /k, ton of corn; and
7, 1k, ton of corn producek,z, / k, ton of ethanol.

So, given D, , the quantity of dried DG, the quantity of corn, and the quantity of ethanol

are presented by the following:
1) Eq. (2.1), the quantity of dried DG produced by the E&DG producer is
Q, =D, =Dz, . (2.1)
2) Eq. (2.2), the quantity of corn used for the production is
Q=Q,/k, =D, /ky =Dz, k. (2.2)
3) Eg. (2.3), the quantity of ethanol produced from the E&DG producer is
D, =Q,=k.Q=kQ, /k, =k.D, /ky, =k,D, 7, Ik, . (2.3)
A4. 0 <7, <1, the DG fraction is greater than zero and less than one. The customers in the

feed market make no distinction to feed with the different DG fraction.
It is the nonexistence of the supply chain as shwon in Figure 2.1 since the feed producer

does not purchase any DG while z, =0. And it is unrealistic to feed animals with 100% DG,
7, =1 [11]. The customer in the feed market makes no distinction to feed with different DG

fraction since feed is assumed to have the same quality with different DG fraction.
A5. The E&DG producer is considered as a price-taker on ethanol as mentioned in the
introduction [7],[11]. However, the E&DG producer is the price-maker on DG in this two-

player vertical supply chain structure.
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The price the E&DG producer sets and the quantity of ethanol this producer produces do
not have any effect on the market price. Therefore, the E&DG producer does not need to
worry about what price to set for ethanol. Instead, E&DG producer is concerned with only
how much to produce [16], since an E&DG producer is small when compared to the ethanol
market, i.e., all ethanol producers in American have no dominant market power in the ethanol
market [8]. However, the E&DG producer can control the selling price of DG to the feed
produce, since most feed producers are small when comparing to the E&DG producer and set
up their facility around the E&DG producer for avoiding more cost in transportation.

AG6. There are no fixed costs for the ethanol and DG production and the DG-based feed
production respectively for both producers, since the issue related to investment is not
explored.

AT7. Each producer has positive profit. And, it is a static single period strategy for producers.

Here we use Eq. (2.4) to denote the gain of the feed producer from one ton of feed and
Eq.(2.5) to denote the gain of the E&DG producer from one ton of DG, where both unit

profits are positive since both producers need get benefit from this supply chain.
Par —C4 (1_Tf )_Cfm — PyTs (2.4)
( PoK, + PyKy —(Co +C; +CgoKy ))/ K, (2.5)

1) The E&DG producer

We re-arrange the gain of the E&DG producer from one ton of DG to one ton of corn,
PKq _((Cem +C, +Cygky )~ peke)' (2.6)
From the assumption A5, the E&DG producer is the price taker on ethanol and the price

maker on DG. He has the difference in Eq. (2.7) between the sum of all costs for processing
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one ton of corn (including the joint production cost, the corn price, and drying cost for DG)

and the revenue from selling the ethanol produced from one ton of corn,
(Ca +C, +CygKy ) —K, P, , that is the benefit from one ton of corn excluding the revenue from
DG,

A=(c,, +C, +Cyky )k, P, (2.7)

a) A<0, the revenue from selling ethanol totally covers all cost in producing ethanol
and DG from one ton of corn. Even though the DG price is small, the E&DG
producer always has profit through selling ethanol in the ethanol market.

b) A >0, the revenue from selling ethanol is less than all cost in producing ethanol and
DG from one ton of corn. The E&DG producer is small enough so that he can’t cover
all costs by selling ethanol and should have enough revenue through selling DG so as
to cover the remaining cost.

2) The feed producer

The gain of the feed producer from one ton of feed in Eq. (2.4) is positive, that is,
Py —Cs (1—rf)—cfm—pdrf >0. According to the assumption Al, DG price is positive.

Hence, from the assumption A7, the feed producer has the positive difference in Eg. (2.8) to

show the benefit expressed in term of one ton of feed excluding the cost from DG,
0< py —¢; (1-7,)—Cy,. (2.8)
Moreover, since ay is the maximum feed price, the term e, —c, (1-7, )—c,, that is the

difference between the maximum feed price and the sum of the processing cost and the cost

from other ingredients for producing one ton of feed should be satisfied by Eq. (2.9).
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O<ay —¢ (1-7,)-¢ (2.9)

fm
where c, (1—rf )is the other ingredients' cost for one ton of feed, c, is the processing cost
for one ton of feed and ¢, is the maximum price per ton of feed.

Foranyz,,z, €(0,1), there is Eq. (2.10) derived from for the assumptions Al and A7,

O<ay —C; —C; (2.10)

Based on the configuration and assumptions, the next section will study the equilibrium
in the Stackelberg model, where the E&DG producer has leadership over the feed producer.
2.1.3 Scope

1) In this configuration, there are no other usages of corn except for as the raw material in
the corn-ethanol&DG production and the possible component of other ingredients in the
feed production.

2) Corn and DG are not sold directly to the cumstomers in the feed market. So, there is no
competitive substitution relationship among corn, DG, and DG-based feed in the feed
market to feed animal. And there is no competitive substitution relationship between corn
for the corn-ethanol&DG production and corn as the component of other ingredients for
the feed production.

3) Ethanol in the ethanol market and DG for the feed production is produced only from
corn. Other ingredients (e.g., forage, alfalfa, corn, etc.) can be assumed as one raw

material for the feed production.
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2.2 The E&DG Producer-Driven Stackelberg model (ED)

In this section, a detailed formulation and analysis of a Stackelberg model are presented
for the E&DG producer and the feed producer, where the former is the Stackelberg leader
and the latter is the Stackelberg follower. The Stackelberg model is a strategic game where
the leader moves first and the follower moves sequentially, after observing the leader’s
decision. In turn, the leader knows the follower will make her own decision, after observing
the leader’s decision [41]. This model is designated as “ED.”

As for the feed transaction, the feed producer charges the price p,, per unit of feed and
receives payment p, D, from customers in the feed market. For the DG transaction, the
E&DG producer only charges p, per unit of DG and receives payment p,D, 7, from the feed
producer according to Eq.(2.1). For the ethanol transaction, the E&DG producer charges p,
per unit of ethanol and receives payment p,D, = p.k,D, 7, /k, from customers in the ethanol

market according to Eq.(2.3).

2.2.1 Profit maximum problems and the equilibrium solution

In the ED model, the equilibrium solution is characterized via backward induction by
first characterizing the response function of the feed producer. Then, this is followed by the
solution to the E&DG producer’s profit problem.

1) The feed producer

From the assumption A3 the feed producer only purchases DG from the E&DG
producer and then sells all DG-based feed to customers in the feed market. The profit

problem of the feed producer is shown in Eq.(2.11),

[T =Ry —py D, —¢; (Ddf — Dy )_Cmedf ) (2.11)
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The profit for the feed producer, [];, is given by the difference between the revenue of

selling feed and all relevant costs. The first term R, is the revenue from selling feed and
equals to p, D, ; the second term p,D, is the cost of purchasing DG from the E&DG
producer; the third termc, (Ddf - Dd) Is the cost of purchasing other ingredients; and the last

termc,, D, is the processing cost for the feed production.
From the assumption Al and Egs. (2.1),(2.2),(2.3) and (2.11), the feed producer
maximized her profit function in Eq.(2.12), where she decides the price of feed p, and

assumes the price of DG p, given.

N’!?X [1¢ = Py Dy — PyDye 7 —C; (1_71‘ ) Dyt —Cim Dey

Oy — Py (212)

:(pdf ~Py7y ¢ (1-7, )—cfm)ﬂ—df
Given p,, the concavity of the profit function of the feed producer []. in the price of
feed p, is guaranteed by the second-order sufficient condition,
&*11, lop,2 =—21 B, <0. (2.13)
The first-order necessary condition of Eq. (2.12) with respect to the price of feed p,; is

the equilibrium condition of the feed producer, as shown in Eq. (2.14),

Olly O +C (1_Tf )+Cfm +7¢ Py — 2Py
OPys B

=0, (2.14)

Moreover, Eq. (2.14) is rearranged to the explicit form of the unique best response

function of the feed producer for the given DG price p, , shown as follows,
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oy +C; (l—rf )+cfm T,

f)df (pd ) : pdf (ﬁd ) = 2 + ? Ed (2-15)

So far, the E&DG producer can decide the optimal price for DG p, after knowing about
the best response function of the feed producer p, (p,) in Eq. (2.15).

2) The E&DG producer
As for the E&DG producer, he sells DG to the feed producer and ethanol to customers in
the ethanol market, and generates the costs in corn, the joint production, and the drying

process of DG. Then, the E&DG producer’s profit problem is shown in Eq. (2.16),
[l =R, +R —¢,,Q-c.Q—cy D, (2.16)

The profit of the E&DG producer, [1;, is given by the difference between the revenues
of selling DG and ethanol, on the one hand, and the cost of the E&DG production, on the
other hand. The first term R, is the revenue from selling DG and equals to p,D, ; the second
term R, is the sum of the revenue from selling ethanol and equals to p,D, ; the third termc,,Q
is the joint production cost for the E&DG producer to processQ tons of corn; the fourth term
c.Q is the cost of corn; and the final termc, D, is the drying cost of obtaining D, =k,Q

tons of DG.

From the assumption Al and Egs. (2.1), (2.2), (2.3)and (2.16), the E&DG producer

maximizes his own profit function in Eq. (2.17), where he decides the price of DG p, , and

has known the best response function p, (p,)which is the function of p, in Eq. (2.15).
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k.D D D
Max Tl = p,~—20 4 py Dz, — G~ mc, —950 Dy 7,
Pd kd kd kd
R (2.17)
=£p £+ D _(Cem +Cc+cddkd)]adf = Pur (P )Z_
e kd d kd ﬂdf f

After substituting the best response function p, (p,)in Eq. (2.15) into Eq. (2.17), the

concavity of the profit function of the E&DG producer in the price of DG p, is guaranteed by
the second-order sufficient condition in Eq. (2.18):

O*Tle Iop,” =—7," 1 By <O (2.18)

Hence, Eq. (2.19), the first-order necessary condition of Eq. (2.17) in p,, is the

equilibrium condition of the E&DG producer,

olle ((adf —C; (1—Tf )—Cfm)kd +Ar, )Tf — 2k 7, p,
oy 25k,

=0 (2.19)

where A =(c,, +C, +Cyky ) —k.p, . In Eq. (2.19) , the term o, —c, (1-7, )—c,, should be

nonnegative since from the assumptions A7 and Al. In summary, the equilibrium conditions
consist of Egs. (2.14) and (2.19). Therefore, after solving the equilibrium conditions, the
equilibrium DG price in the ED model is shown in Eq. (2.20), where the superscripted

denotes the ED model and * is the designation of optimality.

s (o e (1_;L);Cfm)kd b (2.20)
d*”f

The DG price p,*"in Eqg. (2.20) is assumed as positive since otherwise the E&DG

producer would have nothing revenue from selling DG with a negative DG price from the

assumption Al. Thus,

www.manaraa.com



23

~(ay ¢ (1=7/ )=Cpm )y < AT (2.21)

After substituting the equilibrium DG price into the best response function in Eq. (2.15),

the equilibrium feed price is,

0, = (305(1f +C; (1—1;;k)+cfm)kd + AT, 2.22)
d

As we know from the assumption A1, the feed price p,*" should be positive. Eq. (2.23)
is positive due to—(ocdf —¢, (1-7, )—cfm)kd <Az, in Eq. (2.21). Then the feed price in Eq.
(2.22) should be positive accoridng to Eg. (2.21).

(3t +¢; (L—7( )+ Cpp ) kg + AT, > 204 >0 (2.23)
where a s positive.

Table 2.1 shows the equilibrium solution corresponding to the quantities and the profits
in the supply chain.

Table 2.1 The equilibrium solution of the ED model

Dy ™" (Otdf —C; (1—2’f )—Cfm)kd —Ar,
4k By
D, (adf —C; (1—1f )—Cfm)kd —Ar,
4kdﬂdf Tf
Q™" (adf —C; (1—2’f )—Cfm)kd —Ar,
ak,’ By o
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D7 | (g =, (17, )= ks — A7,
4kd2ﬁdf

eTf

pdfed* (40!11f —(adf —C; (1—2'f )—Cfm ))kd + A7,
4k,

P (adf —¢; (1-7, )—cfm)kd +AT,
2k, 74

I ((adf —C, (1—1f )—Cfm)kd —Ar, )2
8Kky” By

[ ((adf ¢ (1-7;)—Cpu ) ks — AT, )2
16kd 2lef

where A =(c,, +C, +Cyky )—k,p, as in Eq. (2.7).

(adf —Cy (1_Tf )_Cfm)kd — At
4Ky By

(2.24)

ed* _
Ddf -

D, " in Eq. (2.24) is ranged in D, (0, / B, ) from the assumption A1. Therefore,

the optimal feed quantity is greater than zero.

0<D.%" _ (adf —Cq (1_Tf )_Cfm)kd — AT (2.25)
! 4Ky By '

Then, Eq. (2.25) is rearranged as Eq. (2.26),
Aty <(ay ¢, (1-7,)=Cy )k, (2.26)

In addition, the optimal feed quantity is less than e, / 5, from the assumption Al. That
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(adf —C; (1—rf )—cfm)kd —Ar,

D" = 4k, f, <oy | Py (2.27)
Moreover, Eq. (2.27) is rearranged
—~(3ay +¢; (17 )+Cp ) kg < A7 . (2.28)

Eq. (2.27) is satisfied according to Eq. (2.23) if—(ozdf —¢, (1-7, )—cfm)kd <Ar, in Eq.

(2.21) is true.

In sum, it should be observed from Eq. (2.21) for and Eq. (2.26) that the following

condition in Eq. (2.29) for the positive DG price p,*"" and the positive quantity of feed D, *"
from the assumption Al.

(@ ¢ (1=7¢ ) —Cim )y < AT, <(ag —C; (171 )=Cyr Ky, (2.29)
where A =(C,,, +C, +Cyky ) —k, P, as in Eq. (2.7).

Eq. (2.29) is rearranged to be Eq. (2.30) for the positive DG fractionz, ,

_(adf —Cy _Cfm)kd ok, <A< (adf —Cy _Cfm)kd

Ty Ty

+CK, . (2.30)

Eqg. (2.30) is hold under the condition Eq. (2.31) for anyz,,z, €(0,1)in the assumption
A4,
—(cty —Cp ) Ky <A< (0t —Cyp )y, (2.31)
where e, —c,,, > 0according to the assumptions Al andA7.

The proof for Eq. (2.31) is shown in the following:

In Eqg. (2.30), foranyz,,z, €(0,1),
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a) the  term (ocdf —C; —cfm)kd /7, +c,k, has the minimum value
(arg —Cf —Cpp )Ky +Cok whenz, —1, thus A <(a —C; —Cy, Jky +C;ky , that is,
A<(0¢df —Cfm)kd ;
b) the term —(ay —C,—Cy )ky/7,—Ck, has the maximum value
—(atg —C; —Cyp )y —Ciky Whenz, —1, thus —(er —C; —Cy )k, —C,ky <A, that
is, —(ay —Cpm Jky <A.
So, forand any z,,z, €(0,1) Eq. (2.31) should be satisfied. Q.E.D.
From Table 2.1, we note that
[1.5 =211.%". (2.32)
That is, the profit of the E&DG producer is twice as much as that of the feed producer at
the equilibrium point, since the E&DG producer has the first-move advantage as the
leadership to know the best response function from the feed producer and set up a DG price

which can be accepted by the feed producer in the supply chain.
Eq. (2.32) is satisfied, under the conditions as below,
1) The assumption A3 shows that k,Q=D,, all DG produced by the E&DG
producer is consumed by the feed producer for the animal feed production;
2) the E&DG producer is using a linear pricing policy for DG;
3) and the feed producer is facing a linear demand function of feed;

4) both producers have the linear production cost.
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The feed producer has the best response in feed price in Eq. (2.15) with regard to the DG
price. Therefore, for any p, given by the E&DG producer, there exists the corresponding feed
price. Then, substituting Eg. (2.15) into the profit problem of the feed producer in Eq. (2.12)

as well as the E&DG producer in Eq. (2.17), we have [1.*"" = 2[1.*" at the equilibrium point

P :((adf —C; (1—2'f )—Cfm)kd +Ar, )/(derf )
At the equilibrium point, the feed producer's gain in terms of feed is shown in Eq. (2.33).

Pa™ —C (1_Tf )_Cfm - p,"

=((o¢df —¢ (1-7, )—cfm)kd ~ Az, )/(4kd) (233

According to Eq. (1), D, =Dz, . Hence, from Eq. (2.5), the E&DG producer's gain in

terms of feed is shown in Eq. (2.34).

(pded* _(Cem +C, +Cyeky )/ K + Pk, 7k, )Tf

(2.34)
:((adf ¢, (1-7,)-c, ) - At )/(de)

From Egs. (2.33) and (2.34), the E&DG producer obtains twice as much profit from one

ton of DG as the feed producer.

2.3 Analysis of the other ingredients’ costc, and the DG fraction z,

In the U.S.A., the optimal DG fraction often is studied for the animal feeding
performance. Also, the feed producer is coming up against the problem that sales would not
cover higher production costs [42],[43],[44], because of the higher other ingredients' cost (i.e.,
corn, alfalfa). However, the increase of the DG fraction reduces the higher production cost to

replace part of corn in feed when the DG price (corn basis) is lower than the corn price.
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Based on this reason, the impact from the other ingredients' costc, and the DG fractionz, on

the supply chain is worth to be explored.

2.3.1 Effects of the cost of other ingredientsc;,

Derivative values of p,*", p,*", D,*", D,*", [1.*" and [1.*" with respect to c, ,

respectively are studied and shown in Table 2.2.

Table 2.2 The derivative analysis of the equilibrium solution

Cy
P, dp, " 1-7,
de,  2r,
P dpy ™" 1z
de, 4
D, dD,*"  1-r7,
de,  4fk,
Dy dD, " _ _1_Tf
de; 4
HEed* d HEed* _ _(1_Tf )((adf —C; (1_Tf )_Cfm)kd — ATt )
dc, 43K,
1" d 1. _ —(1—Tf )((adf —C, (1—1f )—Cfm)kd —Ar, )
dc, 80K,

where A =(c,, +C, +Cyky ) -k, p, as in Eq. (2.7).

Table 2.2 shows that, as the cost of other ingredientsc, increases, the DG price and the

quantity of DG decrease, the feed price increases and the quantity of feed decreases. Asc;
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increases, the feed price increases in contrast with the price of DG decreases according to
Table 2.2. The increase of p,* will result in a decrease of the quantity of feed because of the
down sloping demand function in the assumption Al.

dpy o _ 5 dpded* (2.35)
dc, 2 dc, '

dD, "k, dD,*
dc, 7, dc,

(2.36)

Eq. (2.35) shows that the feed price is less sensitive to change inc, than the price of DG,
due tor, <1. Eq. (2.36) shows that the quantity of feed as well as DG decreases as c,

increases.

PROPOSITION 1. If the cost of one ton of other ingredients c, changes, then the profit

of the E&DG producer changes twice higher than that of the feed producer in the ED model.

Proof: In Table 2.2, there exist

AT —(1—2'f )((adf —C, (l—rf )—Cfm)kd —Arf)
dcf - 4ﬁdf kd

(2.37)

arte (-7 )((@n —o (1-r) o K - A7) (2.38)
de, 84 Kq

where A =(C,, +C, +Cyky )—k.p, as in Eq. (2.7). In addition, the term in Eq. (2.37) and
(2.38), (adf —c, (1—rf)—cfm)kd —Arz, >0 due to the assumption Al that the quantity of

feed is positive.

www.manaraa.com



30

Thus, for anyz,,0<7, <1, Eq. (2.10) is rearranged to be Eq. (2.39) where the other
ingredients' costc; is less than oy, —cC,,
C; <ay —Cq, (2.39)
Asc, increases, [1.*""and[1.*"will decrease. And from Eq. (2.40), it can be observed
that the E&DG producer will have the profit loss twice higher than the feed producer as c,

ed*

increases, because of [T.*" = 2[1.*" from Table 2.1 for any givenc, . Q.E.D.

d HFed*

=2
dc, ‘

(2.40)

d HEed*
dc, ‘

Therefore, the profit of the E&DG producer is more sensitive to changes in the other

ingredients' cost, c, , than that of the feed producer.
2.3.2 Effects of the DG fractionz,
From two reasons: there is the assumption A4 that 0 <z, <1, and the increase of the DG

fraction reduces the higher production cost to replace part of other ingredients in feed when

the DG price (corn basis) is lower than the cost of other ingredients, here we would like to

discuss the impact from the DG fraction . in the range of (0,1) . Derivative values of p,*",

Py D, Dy T and [1,.*" with respect to 7, are studied and shown in Table 2.3.

Table 2.3 The derivative analysis of the equilibrium solution w.r.t the DG fraction

ed*
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pded* dpdfed* B A—ck,
dr, 4k,
D, dD,* _ (%f —c, —cfm)kd —2(A—kad)z-f
dr 48K,
Dy *" dDded* __A_kad
dz, - 4k By
1. i ~(A-ck, )((adf ~¢, (1-7, )—cfm)kd —Arf)
dr, 45, K,
I T —(A=cky)((a —c (1-7,) = )k, A7)
dr, 84, k.’

where A =(C,,, +C, +Cyky ) —k, P, as in Eq. (2.7).

PROPOSITION 2. If the DG fraction z, changes, then the profit of the E&DG producer
changes twice higher than that of the feed producer in the ED model.
Proof: In Table 2.3, there exist

dHEed* ~ —(A—kad)((adf —C; (1—Tf )_Cfm)kd —Az'f)

= , 2.41
dr, 4/ kd2 ( )

AT —(A—cfkd )((adf —C (1—2Tf )‘Cfm)kd _Aff) _ (2.42)
dr, 8/ Kq

where A=(cern +C, +cddkd)—ke P, as in Eqg. (7). In addition, the term
(adf —¢, (-7, )—cfm)kd — Az, >0 due to the assumption Al that the quantity of feed is

positive.

So, from Egs. (2.41) and (2.42) we can find
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|dT1."" /dz, | = 2|d [T, /dz,|. (2.43)

From Eq. (2.43), the profit of the E&DG producer is more sensitive to changes in the
DG fraction than that of the feed producer. Q.E.D.

There exist the conditions from Eq. (2.10) withO< e, —c, —C,, and Eq. (2.31) with

—(oty —Cyn ) ky <A<(ay —Cy, )ky, When the DG fractionz, is ranged in 0 and 1 as shown

in the assumption A4.

O<r, <1. (2.44)

For any positivek, , three cases derived from Table 2.3 are listed as below:

Case 1: A>c.k,. Thatisc, <A/k,, (2.45)
Case 2: A=ck,. Thatisc, =A/k,, (2.46)
Case 3: A<c,k,. Thatisc, >A/k,, (2.47)

where A =(C,, +C, +Cyky )k, P, as in Eq. (2.7). In addition, these three cases are three ones

under different level of the other ingredients' cost.

From Table 2.1, the equilibrium DG price is re-arranged as (2.48),

e (adf —C; (1—1f )—Cfm)kd +Art, (adf —C; —Cfm)+A+cfkd

Pa™ = 2k,z, T 2, 2k,

(2.48)

Thus, in Eq. (2.48) the DG price pded* decreases as the DG fraction 7, increases,
according to condition in Eq. (2.10) 0 <oy —C; —Cq,.

1) Case 1: A>c,k,, where A=(c,, +C,+CyK,)—K,P,.
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That isc, < A/k,from Eq. (2.45). We re-write the expressions of parameters in Case 1
as following,
0<A—pky+(ps—C; )y (2.49)
Note that A—pgk,=(c,, +C;,+Cxks)—K.P,—Pgks should be negative since
—((cem +C, +Cyeky ) —k, P, — P kd) Is equal to the profit from one ton of processed corn.

To guarantee that the E&DG producer has the positive profit by the term

0< —(A— P Ky ) , the DG price is greater than the price of other ingredients,
C; <—(A—pyky)/ks+cC; <py. (2.50)
In Case 1. A>ck, with conditions in Egs. (2.10) and (2.31), asz, increases, p,*",
D, , T1.*" and [1.*" keep decreasing, p,*"" increases and D,*" decreases when
7, 2(ay —C —Cyy )k, /(2A-2¢,K, ) and increases when
7, <(ay —C; —Cyy )ky /(2A—2c,K, ).
From Table 2.1, whenz, — 0, both producers have the maximum profit, however, the

quantity of DG as well as ethanol is close to zero, which is running in the opposite direction

with the expanding ethanol market.
2) Case 2: A=c,k,, where A=(c,, +C,+Cyk,)—k,p,.
That isc, = A/k, from Eq. (2.46). We re-write the expressions of parameters in Case 2

as following,

A— pdkd+(pd _Cf)kd:O’ (2.51)
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Similarly, to guarantee that the E&DG producer has the positive profit by the term

—(A— P, Ky ) >0, the DG price is greater than the price of other ingredients,
C, <—(A—pyky)/ky+C; =py. (2.52)

In Case 2: A =c,k,with conditions in Egs. (2.10) and (2.31), asz, increases, p,*" keeps

ed*

decreasing; p,; ™", D", T1.*"and [1.*"do not change; however, the quantity of DG D,*"

increases since dD,*" / dz, in Table 2.3 is positive.

dDded* _ (adf —C _Cfm)kd _Z(A_kad)rf _ (adf — G _Cfm) >0 (2.53)
dr, 48K, AP | |

if the condition ez, —C; —c,,, >01in Eq. (2.10) is true. In addition, the quantity of ethanol
increases according to Eq. (2.3), which is helpful to the expanding ethanol market.

3) Case 3: A<c,k,, where A=(c,, +C,+Cyky)—kK,p,.

That isc, > A/k, from Eq. (2.47). We re-write the expressions of parameters in Case 3
as following,

A= pyky +( Py —C )k, <0, (2.54)

Similarly, to guarantee above equations with the positive value of —(A— p,k; ), the DG
price can be greater than, equal to, or less than the price of other ingredients.

In Case 3: A <c,k,with conditions in Egs. (2.10) and (2.31), asz, increases, p,*"and

P, keep decreasing, however, D,*", D, *", [1.* and [1.*" increases. The quantity of DG

D,*" increases since dD,*" / dz, in Table 2.3 is positive.
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0D, (ot ~C( ~Cm )y ~2(A—c/k, )17, . (o —C; —Cpy) 0
dr, - 4By K 4By | (2:59)

Moreover, the quantity of ethanol increases from Eq. (2.3) that there is the fixed proportion
in the quantity between ethanol and DG, which is helpful to the expanding ethanol market.

In sum, the analysis for these 3 Cases is summarized in Table 2.4. For Case 1 and Case
2, the DG price should be greater than other ingredients' cost in order to guarantee the
positive profit for the E&DG producer; for Case 3, however, there is no such condition
relative to the DG price and other ingredients' cost.

Table 2.4 Condition analysis for each case

Case | Conditions Derived conditions when The DG price T,
O<r <1
1 c, <A/K, P, > C, O<z, <1
0<ay —Cf —Cqys
2 c; =Alk, Py > C; O<rz, <1
_(adf _Cfm)kd <A<(adf _Cfm)kd

3 c, > AlKk, Py >C;, O<rz, <1
Py =C4,
Py <Cq

where A = (C,,, +C, +Cyk, ) —k. P, as shown in Eq. (2.7).

Under different cases, we summarize the change of p,*", p,*", D,*", D", I1.*""and

[1.°" in Table 25, as the DG fraction z, increases. In Table 2.5, { , =, T represent

decreasing, no change, and increasing, respectively.

Table 2.5 The change of equilibrium solution as the DG fraction increases

Case 1 Case 2 Case 3
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A—ck, >0 =0 <0
P v J J
Py 1 = \
D I, whenz, > (2 ~6 ~¢a)ks. ! !

’ " 2(A-ciky)
T, whenz, < (adf G _Cfm)kd
2(A—cfkd)
D, *" \ = 1
1 \J = 1
[T \J = 1

where A =(C,,, +C, +Cyk, ) —k. P, as shown in Eq. (2.7).

Overall, under conditions in Egs. (2.10) and (2.31), the E&DG producer is affected more

by changes inz, andc, than the feed producer in the ED model. Our objective is to find how

the change in the DG fraction can help the expanding ethanol market with the change in other

ingredients' cost level.

As the increase ofc, , both producers lose profit. Moreover, the E&DG producer loses

more profit than the feed producer because the leader has twice as much profit loss as the

follower.

With conditions in Egs. (2.10) and (2.31), as an increase in the DG fractionz,
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1) whenck, <Ain Case 1, the E&DG producer has the profit loss more than the feed
producer does. The feed producer will prefer to have the DG fraction as small as
possible and the E&DG producer will sell DG as less as possible. Both producers
have the maximum profit with a small amount of DG by a small DG fraction, which
is not helpful to the ethanol market since the amount of ethanol is small;

2) whenc, k, = Ain Case 2, both producers have no profit loss. Both producers can more

quantity of DG produced with the higher DG fraction even though none of them has
more benefit. the other ingredients' cost is equal to a constant, we will not study Case
2;

3) whenc,k, > Ain Case 3, the E&DG producer benefits more than the feed producer
does. Both producers prefer to have the higher DG fraction in order for the higher
profit, which results in the higher quantity of DG as well as ethanol. Under this case,
it boosts the expanding ethanol market.

In order to show the numerical example in the following section, Case 3: ¢k, > Awith
the conditions 0 <y —C; —Cy, in Eq. (2.10), and (e, —Cy, )k < A <@y —Cyy ) Ky INEQ.

(2.31), is used for the succeeding study.
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3. THE CENTRALLY COORDINATED (CC) MODEL

Centrally Coordinated (CC) model is introduced as a benchmark to the ED model. The
E&DG producer, together with the feed producer, form a group as the CC model, to evaluate
the performance of the ED model. In the CC model, two producers are interdependent and
act as a group to maximize the total profit. Jeuland and Shugan [20] pointed out that the total

profit is maximized and channel members have the most profits to divide.

3.1 Optimal solution of the CC model
Within the framework of consolidation, both the E&DG producer and the feed producer

act coherently so as to maximize the total profit as shown in Eq. (3.1),
[ee =Ry +R, —€,Q—C.Q—Cyy Dy —C4 (Ddf - Dy )_Cmedf . (3.1)

In Eqg. (3.1), the first term R, is the revenue from selling feed in the feed market and
equals to p, D, ; the second term R, is the revenue from selling ethanol in the ethanol market
and equals to p,D, ; the third termc,,Q is the joint production cost for the E&DG production;
the fourth termc_Q is the cost for corn for the joint production of ethanol and DG; the fifth
termc,, D, is the drying cost for each ton of DG after the joint production; the sixth term
C, (Ddf —Dd) is the cost of other ingredients for the feed production; and the final term

c,Dy 1S the total processing cost of the feed production.
Similarly as the ED model, the CC model also faces the demand function of feed

D, =(o¢df — Py )/ S, from the feed market. The central decision-maker in the CC model

only sets the feed price p,, as the decision variable according to the assumption A5. After
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substituting Egs. (2.1), (2.2) and (2.3) into Eq. (3.2), the central decision-maker in the CC

model maximizes the profit function with respect to p,, as shown in Equation (3.2),

k C C Oyt —
e PeTs B em? f _ Tt —CyT, —C, (l—Tf )_Cfm df—pdf (32)
Ky Ky Ky P

Max 1—[cc =(pdf +

Pt

The concavity of the profit function of central decision-maker in p,, is guaranteed by the
second-order sufficient condition:
" Tee lopy> =—21 B, <0. (3.3)
Hence, the first-order necessary condition of Eq. (3.2) is the optimal condition of the CC

model, as shown in Eq. (3.4),

ol (adf +C; (1—rf )+Cfm)kd +A1, — 2K, py o (3.4
Py B Ky . .

where A =(C,,, +C, +Cyky ) —k, P, as in Eq. (2.7).
Then, the optimal feed price p,“" shown in Eq. (3.5) is obtained from Eq. (3.4), where
the superscriptcc represents the CC model:

(adf +C; (1—z'f )+Cfm)kd +Ar,

= : 35
Ps 2 (35)

The price of feed, p,“ also is positive since the condition in (3.6) is satisfied due to the
condition of —(adf —¢, (-7, )—(:fm)kd <A, <<ozdf —¢, (1-7, )—cfm)kd from Eq.(2.29),
(e ¢ (177 )=Cyq ) kg + A7, > 26, (-7, )+ 24, >0, (3.6)

wherec, ,c, are positive and z, € (0,1) in the assumption A4.
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The corresponding optimal solution of the CC model in D,*", D,*", Q*", D", p,*,

and [1..~ can also be obatined in a straightforward manner as shown in Table 3.1.

Table 3.1 The optimal solution of the CC model

D™ (adf —C; (l—Z'f )—Cfm)kd —Ar,
2By ks

D,” (adf —C, (1—2’f )—Cfm)kd - A,

2ﬂdf kd Tf
Q™ (adf —C; (1—1’f )—Cfm)kd -Ar,
2Baks ;
D,* (adf —C; (1—7f )—Cfm)kd —Art,
keTf
2 ky"

cc*

P (adf +C; (1—1’f )+Cfm)kd +Ar,

2k,

Hcc* ((adf —C; (1_Tf )_Cfm)kd _ATf )2
4lef kd2

In Table 3.1, A =(C,,+C, +Cyky )—k.P, asin Eq. (2.7).
Next, a comparison between the ED model and the CC model is shown in the following

section under conditions in Egs. (2.10) and (2.31).

3.2 The comparison between the ED model and the CC model

The solutions in the ED model and the CC model are listed in the Table 3.2.
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Table 3.2 The comparison between the ED model and the CC model

The ED model The CC model
Dy (adf —C (1—1'f )—Cfm)kd -Ar, (adf —C (1—1'f )—Cfm)kd -Ar,
4k By 2y Ky
Dy’ (adf —C (1—rf )—Cfm)kd —Art, (adf —C (1—rf )—Cfm)kd —Art,
4, By ; 26,5k, i}
Q (adf —C, (1—2'f )—Cfm)kd —Ar, (adf —C, (1—2'f )—Cfm)kd —Ar,
4By i} 2Bk i
D, (adf —C4 (l_ff )_Cfm)kd — AT, (adf —Cy (1_Tf )_Cfm)kd — At
K.z, k.7
4kd2ﬂdf ) Zﬂdf kd2 )
Par (40{df —(adf —C; (1—2’f )—Cfm )) ky + AT, (adf +Cs (1_Tf )+Cfm>kd +AT
4k, 2k,
Py (adf —C, (1—1f )—cfm)kd +AT, NA
2k, 7,
I ((adf —C; (1—2’f )—Cfm)kd —Ar, )2 NA
8K, B
Il ((adf —C; (1—2’f )—Cfm)kd —Ar, )2 NA
16kd2ﬁdf
Hcc* ((adf —C; (1—Z'f )_Cfm)kd —ATf )2

3((adf —C; (1—rf )—Cfm)kd —Ar, )2

16kd 2ﬂdf

4ﬁdf kd ’

In Table 3.2, A=(C,,+C, +Cyky )—k.p, asin Eq. (2.7).
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With conditions in Egs. (2.10) and (2.31), the solutions under the ED model and the CC

model are existed simultaneously. We note that,
Py < Py Dy =2D, . (3.7)
That is, the central decision-maker provides a lower p, and twice more quantity of feed
D, than the ED model. According to the conversions in Egs. (2.1), (2.2) and (2.3), the

central decision-maker provides twice more quantity of DG and twice more quantity of

ethanol from twice more quantity of corn than the ED model,
Ddcc* — 2Dded* 1 Qcc* — 2Qed* , Decc* — 2Deed* ) (38)
Nowadays, the corn ethanol industry is expanding because of the stimulation. Thus the

CC model is better than the ED model to provide more quantity of ethanol to the ethanol

market, in which the lower feed price is provided to the feed market than the ED model.
e > (T +T1.57). (3.9)
The CC model has the higher total profit than the ED model. And, the supply chain
performance of the ED model is (IT."+I1.*")/Tl,."=0.75, which is to reflect the

capability of obtaining profit through the ratio of the total profit over the total optimal profit
in the CC model [32]. Additionally, channel coordination is the economic incentive for

producers to have the better performance.

In the ED model, the E&DG producer has the performance [1.*"/I1.. =0.50, and the
feed producer has the performance [T.*"/T1.. = 0.25.

[T =TR*™ —TC™ >TI.*" +I1.*" =TR*" —TC*", since the increased total revenue is

higher than the increased total cost when the CC model is compared to the ED model, where
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the total revenue in the CC model is higher than that in the ED model,
ATR=TR® —TR*" >0, and the total cost in the CC model is higher than that in the ED
model, ATC =TC* —-TC*" > 0.

Moreover, the revenue in selling ethanol in the CC model is twice as much as that in the

ED model because the quantity of ethanol in the CC model is twice more than that in the ED

model.
R™ =p,D,* =2R*" =2p,D,*". (3.10)
The revenue from selling feed in the CC model as well as in the ED model is
Ry ™ = Py Dy ™ R ™" = p, "D, *", respectively. In addition, the ratio between these two

models about the revenue in selling feed is following.

Rdfed* B pdfed*Ddfed* _l 4oy _((adf —C; (1_Tf )_Cfm)kd _Az-f) >1 (3.11)
Ry Py Dy 2 4oy _2((adf —Cy (1_Tf )_Cfm)kd —AT ) oz |

Where(ozdf —¢, (1-7,)-c )kd — Az, >0from Eq. (2.29).

fm

For the expenses, the CC model is twice than the ED model in the total joint production
cost, other ingredients' cost, and the processing cost, respectively.
(Com +C. +Corky ) Q" = 2(Cy +C, +Cyeky ) Q™
¢, (Dy™ =Dy ) = 2¢, (Dy™" - D,*") (3.12)
Cm Dy " = 2C,, Dy o
Overall, after the comparison between the ED model and the CC model, both producers
would like to coordinate in the same group to split the total profit, due to a maximum total
profit, where the increased total revenue is higher than the increased total cost. Moreover,

from Eq. (3.8), the E&DG producer can provide more ethanol to the expanding ethanol
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market because of the lower feed price. Based on these conclusions, government might want
to facilitate the sharing of supply chain profit by subsidy, etc. to promote higher production
of ethanol.

3.2.1 The analysis of total profit with respect to the DG fraction ,

ally”_~(A-e (e o (i-r)-cu )y -An) (3.13)
i 2, f

a(Me+1,77)_3(A-eiks)(( 1 (1-ri)-cn ke~ Ar) (3.14)
dz-f 8kd ﬂdf

where  A=(c,, +C, +Cyks)—k.,p. as shown in Egq. (27), and the term
(et —¢: (1-7, ) —Cyp ) ks — Az, >0from Eq. (2.29).
We noticed that d (TT.*" +I1.*")/dzr, =(3/4)d 1. /(dz, ). As the same analysis
from Table 2.5, as the DG fractionz, increases,
1) when A—ck, >0, TTe and(TT.*" +I1."" ) keep decreasing;
2) when A—ck, =0, I1c and(IT*" +I1.*")do not change;

3) whenA—c.k, <0, Tl and(IT.""" +I1.*")increase.
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4. THE E&DG PRODUCER-DRIVEN STACKELBERG MODEL

WITH A QUADRATIC UNIT JOINT PRODUCTION COST (EDQ)

The producer of ethanol
and DG with Quadratic unit
joint production cost

Pe

\
Customers of
ethanol

Py

A

The DG-based feed

producer

Pt

Customers of
DG-based feed

Figure 4.1 Configuration of the EDQ model

In this section, the E&DG Producer-Stackelberg Model with quadratic unit joint

production cost in the E&DG producer (EDQ) in Figure 4.1 is proposed according the

following assumptions.

A8. The unit joint production cost to process one unit of corn is a quadratic function about

the processed quantity of corn. And, the total joint production cost is @ monotonic increasing

polynomial function with respect to the processed quantity of corn.

Cen (Q) = 0Q—[3/0Q% +7Q°

(4.1)

From several literatures there exists the quadratic unit production cost function

CEM (Q)/Q =6—-wQ+yQ*which has the similar curve shown in Figure 4.2, where the unit

joint production cost decrease when Q € (0,@/(2y)] and increases when Q e (w/(2y),].
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Thus, the total joint production cost is C,,(Q)=6Q—-wQ?+Q°. In order to keep the

monotonic increasing, there exists o = 4/3;/9 since there is only one Qs value such that

dCey (Q)

=0-20Q+3yQ* =0 4.2
40 Q+3yQ (4.2)
Unit joint prod. cost Totzl joint prod. cost
I
|
JEan JEIG7) NECIREYs)
Figure 4.2 Unit joint production cost Figure 4.3 Total joint production cost

For the E&DG producer, Figure 4.2 is the unit joint production cost and Figure 4.3 is the
total joint production cost.

New Parameters
Coy(Q)  Co(Q)=6Q—/370Q% + ¥Q°, the joint production cost of processing one ton of
corn ($/ton ), where 8>0,7 >0

In this section, a detailed formulation and analysis about a Stackelberg model are given
between the E&DG producer and the feed producer, where the former is the Stackelberg
leader and the latter is the Stackelberg follower [41]. In the following “EDQ” is denoted as
the E&DG producer-Driven Stackelberg model where the E&DG producer with a quadratic

unit joint product cost being the leader.
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4.1 The feed producer’s profit maximization problem

In order to determine the Stackelberg equilibrium by backward induction, we firstly
solve the feed producer’s profit problem when the E&DG producer’s decision variable p, is

given.peg, pa, @ In this section, we describe the profit maximization problem of the feed

producer. She only purchases DG from the E&DG producer and then sells feed to the feed
market.

[1r(par) I (py ) is the objective profit function of the feed producer. In the objective

function, the feed producer as the follower assumes p, given, and decides on p, as below:
I\ﬂgx HF (pdf )= Pt Ddf — Py Ddfo —Cn Ddf —Cy (Ddf - Dd) (4'3)

In Eq. (4.3), [, is the objective profit function of the feed producer whose profit is
equal to total revenue from selling feed minus her cost. The first term R, is the revenue from
selling feed to the customers in the feed market, and equals to p, D, ; the second term p, D,

is the cost of purchasing DG from the E&DG producer, the third termc, D, is the processing
cost of DG-based feed production, and the last one, c, (Ddf —Dd) is the cost of other

ingredients for producing one unit of feed, and equals toc, (1—rf )Ddf :

4.1.1 The standardization of the problem of the feed producer
In this section, we standardize the nonlinear objective functions of the feed producer.
Through substituting the demand function into this problem, the standard minimum problem

of the feed producer is shown as following,

l\/|an [T (Pgr ) = Pet D — Py D 7 —CinDyr —C (1_Tf )Ddf : (4.4)
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4.1.2 The best response function of the feed producer
Knowing the given p, from the E&DG producer, it is easy to verify that this standardized
objective function of the feed producer is convex in the price of feed p, , by
o’ Tl lopy® =-21 B, >0. By the first order necessary condition setting o[1, /op, =0, the
unique best response function of the feed producer IS

Par (Py ):(ozdf +Cy,, +C; (1—rf)+rf pd)lz. After substituting the best response function

intoD, =7,D,, the quantity of DG purchased by the feed producer can be represented as
Dy =7(Dy =7 (adf —Com —C4 (1_Tf )_Tf Py )/(Zﬂdf )

Pyr (Py ): Py (Py ) = (adf +Cm +Cy (1_Tf )"‘Tf o )/2 (4.5)

4.2 The E&DG producer’s profit maximization problem
In this section, we describe the E&DG producer’s profit maximization problem. This is
the second step in determining the Stackelberg equilibrium. In this section, the maximization

profit problem of the E&DG producer is described as follows,
[Py ) = P.D, + P40, —Cy (Q-c.Q -4 D, (4.6)
[1:(p,) ., the objective profit function of the E&DG producer, is a straight-forward

algebraic statement which profit is equal to his revenues less his cost. The E&DG producer

as the leader decides on p, and assumes p, given. Because he is the price-taker to ethanol,

the selling quantity of ethanol isk.Q .

MSX HE (pd ) = Pe De + Py Dd _éEM (Q) - CcQ —Cyq Dd (4-7)
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where Q=17,D, /k,. In the objective function from Eq. (4.7), the term p,D, = p.,k.Q is the

revenue from selling ethanol; the second term p,D, = p,z; D, is the revenue from selling

DG to the feed producer; the third term CEM (Q) is the joint production cost; the fourth term
c.Q is the cost of corn; the fifth termc,, D, is the drying cost for obtaining the amount of DG,

D, .

4.2.1 The standardization of the problem of the E&DG producer

In this section, we standardize the nonlinear objective function for the E&DG producer.

Through substituting the demand function, the standardized minimum problem of the E&DG

producer is shown as following,

I\/!)dax [Tz (pg ) = Pk.7; def Py )/ Ky + Pyz def Py )

. A X A (4.8)
~Cen (Dys (Pys )7+ 1Ky —C.7¢ Dy (P )/ Ky —Cyq7¢ Dy (P )

A A A ~ 2 A 3
where  Cqy, (Dy (Pyr )) = 07 Dy (P )/ Ky _\/370(7f Dyr (P )/kd) +7/<Tf Dyr (P )/kd) ,
ljdf Py )= (adf — Pes )/ﬂdf :

The best response function p, (P,) as a function of p, in Eq. (4.5) is substituted into Eq.

(4.8). In order to have the concavity of the profit function of the E&DG producer in p, , the

second-order sufficient condition should be less than zero, 6* 1, /op,” <0

—4k BT 2+ 233y0K, Byt =3y (ay —Co—C; (1-7, )= Py7; )7, °
o*Ilg lopy* = —— — f4k Sﬂ( 3df f f( f) d f) L <0 (4.9
d /df

A9. The E&DG producer has a concavity profit function in the DG price.

Therefore, the DG price is
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(4.10)

<
Pe 37Tf5

where K =4k, *f3,°r, —2\/3y0k, By 7° + 3y (g —C—C; (-7, )) 7"
Eq. (4.11), the first-order necessary condition of Eq. (4.8) in p,, is the equilibrium

condition of the E&DG producer.

olle = (4.11)
OPy
From Eq. (4.11), there exist two feasible solutions of the DG price.
K-2r
dedql — — (412)
3y,
K+2r
pdedqz — + - (413)
3y,

where K = 4k,* 8,2z, —2.[3y0k, B, 7, +3y(adf —C, —C; (l—rf ))rf“,

L=k, By \/4kd4ﬂdf2 _4\/37_9kd2ﬂdfrfz +37Tf3(kd (adf —Cpn —C4 (1_Tf ))+(ke P —C; —Cugky )Tf ) -

After separately substituting the DG prices in Eq. (4.12) and (4.13) into the best response

function in Eq. (4.5), the feed prices are shown in Egs. (4.14) and (4.15),

edgl _ 2k’ By *r _\/379kd,3df7f3 +3yay 7t =T
S

414
pd 3}/Tf4 ( )
p,, 2 = 2k, Byt _\l379kdﬂdf7f3 +3yay 7t +T (4.15)

3yt

where

=Ky By \/4kd4ﬁdf2 _4\/37_0kd2ﬂdf7f2 +37/Tf3(kd (adf ~Cpm —Cy (1_Tf ))+(ke P —C; —CugKy )Tf ) -
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In the assumption A1, the price of DG as well as the feed is positive.

1) K-2I'>0and K+2I'>0

Egs. (4.12) and (4.13) are positive values whenK —2I" >0 and K +2I" > 0. Comparing

with these two solutions, we find that the E&DG producer has higher profit when he selects

the DG price p,** from Eq.(4.16).

3
HEedql_HEequ _ 4r > 0 (416)

- 2772kd3ﬂdf37f9 -

where T is positive.

WhenK -2I">0 and K+2I">0, the equilibrium price of DG in the EDQ model is

shown in Eq. (4.17) where the superscript es denotes the ED model and * is the designation

of optimality.
* K - ZF
edq
= 4.17
P = (“4-17)
where K =4k, *f,°r, —2,,/37(9kdﬂdf .’ +3}/(0¢df —C;, —C; (1—1'f ))Tf4

I=Ky By 7 \/4kd4:3df2 —4,/3y0k, et +3yr,° (kd (adf —Cin =G (1_Tf ))‘F(Ke R -G —Cuky )Tf ) -
After substituting the equilibrium DG price into the best response function in Eq.(4.5),
the equilibrium feed price is,

edg* _ 2k By, _\l?’?’ekdﬁdfffs +3yay 7" —T (4.18)
37/Tf4 .

df

where

U=k Byt \/4kd4ﬂdf2 _4\/37_0kd2,3df7f2 +37/Tf3(kd (adf —Cipn —C4 (1_Tf ))+(ke Pe = C; — Cgaky )7f ) -
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Table 4.1 shows the equilibrium solution corresponding to the quantities and the profits
in the supply chain, where all values are positive and the superscript edq represents the EDQ
model.

Table 4.1 The equilibrium solution of the ED model when K—-2I'>0 and K+2I'>0

edqg* 3 2 3
Dy —2K" By 7 +\/379kdﬂdf7f +0
4
3By T
edg* 3 2 3
D, —2K,* By’ +J3yOK Byt +T
3
3By T
edg* 3 2 3
Q AN +\/379kdﬂdf7f +0
3
3Ky 7B T ¢
edg* 3 2 3
D, =2k, By ’r; +4/370K Byt +T
k
e 3
3Ky 7By T
edq* 3, 2 3 4
Pet 2k By T —3yOK Byt + 3y Tt =T
4
3z
pdedq* K-2r
3yz.°
* 1
1. W(—16k;ﬁgfrf + 24V3[YOk3 B3, T7 — 18Yk3(6 — cc + kepe)BisT7 — 6y (cc —
kepe)rfl“ + \/§w/y9kéﬁdfr]3(9yrf(—cfm + agp + ¢ (=1 +1¢) — caaty) — 81 +
2k B3 (YT (Cem — @ap — ¢ (=1 + Tf) + cqaty) + 4T) — 3ykd‘r)§(\/§,/y9(6 + 3¢, —
3kepe)BarTf — 2(—Com + @ap + cp(—1 + 7¢) — caatp))
HFedq* ﬁkd(skgﬁgfrf — 8V3yOKk3BE 7 + 3vka(6 — cc + kePe)BasTF + 2V3yOTFT +
kGBar(=3yTf (Cim — qp — cp(=1 + Tf) + caaTy) — 4I))
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where K = 4k,*B, %, —23y0k, By 7, +37(%f ~Cm —C4 (1_Tf ))7f4

I=Ky By \/4kd418df2 _4\/37/_0kd2ﬂdf 7’ +37Tf3(kd (adf —Ci —C (1_Tf ))+(Ke -G —Cgky )Tf ) -

4.3 The comparison between the ED model and the EDQ model
1) WhenK—-2I">0 and K+2I" >0, the ED model has the equilibrium solution as shown in

Table 2.1 and the EDQ model has the equilibrium solution as shown in Table 4.1.

1

edg* ed* 2
T —TTe™ = s (2270 (ef + i = @) + (e + Com + (caa = Ea = kep)T)” +
dP df

1
FBkd(—16k;B§frf + 243y OSB3 T — 18yK3(0 — ¢, + k,p )RS — 6y(c, — kop )T +
Wi

VBVYOIEB T (OyTh(—can + g + cp(—1 + 1p) — cgqty) — BT) + 2KhB2 (O TH(cpn — e — ¢,(—1 + 7)) +
CaaTy) + 4T) — 3yk,Ti(V34/¥8(6 + 3¢, — 3k,p ) TF — 2(—Can + g + cp(—1 + Tp) = gTIN))
(4.19)
Eq. (4.19) is the profit difference of the E&DG producer between the ED model and the

EDQ model.

H Edq*_H ed* _ (ka(cp+cem—aap)+(cotcem+(Caa—Cp)ka—kePe)Tf)?
F F 16k Bar

+ gyir; ka (8K3B3 Ty — 8V3 YOk} +
3¥ka(B — cc + kepe)Bartf + 2V3VYOTET + k3Bar(—=3y 1} (cim — aar — cp(—1 +77) + caaty) — 4T))
(4.20)
Eqg. (4.20) is the profit difference of the feed producer between the ED model and the

EDQ model.
edg* ed* 1 4
Q™ —Q" = g Gt (ka(er + cim = @an) + (cc + Com + (Caa = ¢)ka = kePe)T) +

4k (=23 BEets+V3\yOkaBarti+T)
14

)
(4.21)

www.manaraa.com



54

EqQ. (4.21) is the quantity difference of corn between the ED model and the EDQ model.

da* d* 1
TP = G Bkt — 4V3YOKiBart} = 3y(ce + Com = kebe)T} + ka(=3Y7} (cim — tar = ¢ (=1 +

(4.22)

Py
Tr) + cqaTy) — 41))
EQ. (4.22) is the price difference of DG between the ED model and the EDQ model.

edg* ed* __
P ot =

ka(Cp+cem+3aap)+(cctcem+(Caa—cpka—kepe)Ts  —2k3Bagtr+V3\YOKkaPast;—3yaarts+I
4kg 3]/1'?

(4.23)

Eq. (4.23) is the price difference of the DG-based feed between the ED model and the
EDQ model.

From the above comparison, it is difficult to find in which model the E&DG producer or
the feed producer has the higher profit. Under this situation, it will be presented by a

numerical example.

4.4 The comparison of total joint production cost between the ED model and EDQ
model

When the equilibrium quantity of corn in the EDQ model is equal to the equilibrium

quantity of corn in the ED model, comparing with the objective profit functions in Eq. (4.6)

with the case of nonlinear joint production cost and Eq. (2.16) with the case of linear joint

production cost, the profit difference of the E&DG producer between Eqg. (2.16) and Eq. (4.6)

is equal to
Con(Q—C.,Q =0Q—310Q° +7Q° ~¢,,Q=((0-¢,,) - 39Q+7Q°)Q (4.24)

Hence, when Eq. (4.24) is greater than zero, the E&DG producer has higher joint

production cost in the EDQ model than in the ED model. When Eq. (4.24) is equal to zero,
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there is no difference in the joint production cost of the E&DG producer in both models.
Otherwise, the E&DG producer has lower joint production cost in the EDQ model than in the
ED model.

1) If for any positive quantity of corn Q, the joint production cost in the nonlinear case is

always bigger than or equal to that in the linear case, CEM (Q)=c,,Qas shown in the Figure

4.4,

Totzl joint prod. cost

Figure 4.4 Total joint production cost and average joint production cost (Situation 1)
Hence, for any positive Q, the term(¢9—cem)—\/Sy_eQﬂ/Q2 in Eq. (4.24) is greater than
or equal to zero,
(60—, ) —[370Q +7Q* >0 (4.25)

And the derivative of (Q—Cem)—«/fS}/@Q + yQ*with respect to Q is,

d((0-c.0)~370Q+7Q?)
dQ

=370 +2)Q (4.26)

We find that d((e—cem)—,/syem yQZ)Z/dQZ =2y>0. By setting that Eq. (4.26)

equals to zero, the term (e—cem)—«/syHQerQz achieves the minimal value when

www.manaraa.com



56

Q:,\/S;/H/(Zy) . As we know from Eq. (4.25), for any positive Q,

(e—cem)—«/ByHQ +7Q? > 0. Therefore, when Q= /3y 1(2y),

(0C0r)~B70Q+7Q* = (0, ) ~370\310 1 (27)+ 7 ({3701 (27))

=19—c >0
4

em —

(4.27)

When the unit joint production cost in the linear case is less than €/4, Eq. (4.27) is
greater than or equal to zero for any positive Q. That is, the E&DG producer has higher joint
production cost in the EDQ model than in the ED model.

c.<0/4 (4.28)

2) Then, whenc,, >8/4, for any positive quantity of corn Q, CEM (Q) andc,,Q have

two intersections in the Figure 4.5 and there is one intersections in the Figure 4.6.

c, >0/4 (4.29)

Totzl joint prod. cost

Figure 4.5 Total joint production cost and average joint production cost (Situation 2)
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Totzl joint prod. cost

- Q
Figure 4.6 Total joint production cost and average joint production cost (Situation 3)

Hence, for any positive Q, the intersection can be obtained from setting the term

(Q—Cem)—«/3}/9Q+7/Q2 in Eq. (4.24) is equal to zero,

~3/6Q+,Q* =0 (4.30)

Then, two solutions of the quantity of corn Q from Eq. (4.30) are,

Jo-.Jc
Q=—"-—F7—", 4.31
NeZ (431

Jo+.[c
Q=—=, 4.32
NeZ (432

where, Q, <Q,.

In order to guarantee that there are two intersections as shown in the Figure 4.5,

Egs.(4.31) and (4.32) should be positive. Hence,

0>c, >014 (4.33)

a. WhenQ<Q, = («/_ \f_)/ 3y , the term 49 Cem ﬁQﬂxQ in Eq. (4.24) is

greater than zero so that Eq. (4.24) is greater than zero for any positive Q. That is, the

E&DG producer has higher joint production cost in the EDQ model than in the ED

model.
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Proof: for any positive Q<Q = («/5— ﬁ) 13y ,

Can) —370Q +7Q” =[(0—C,,) —\/370Q + yQ°]-[(0 - ¢,,) —\/370Q, + Q"]
=3/0(Q -Q)-7(Q*-Q%) =[{/370 - /(Q +QI(Q, -Q)
>[370 -y (2Q)I(Q - Q) = [370 — (20 - 2,rc.,) IN3)1(Q - Q)
=[(J70 +2\[rc.,) IN3)(Q -Q) >0

b. WhenQ>Q, = ( 0+«/ )/ 3y , the term 6? Cer 4/37/ Q+7Q” in Eq. (4.24) is

(4.34)

greater than zero so that Eq. (4.24) is greater than zero for any positive Q. That is, the
E&DG producer has higher joint production cost in the EDQ model than in the ED

model.

Proof: for any positiveQ >Q, = («/5+a[cem )/ 3y,

Can ) —\/370Q + 7Q” =[(0-C,,) —\370Q + yQ°]-[(0 - C,,,) —\/370Q, + 7Q,’]
= —3/0(Q-Q,) + 7(Q* ~Q,) =[{370 + yQ +Q)I(Q-Q,)
>[=370 + 7(2Q)1(Q - Q,) = [/370 + (270 + 2/y¢., ) I V3I(Q-Q,)
=[(—\70 +2\[rc.,) 1 \3)1(Q-Q,) >0

c. Otherwise, when (@—M)/@:leQstz(\/@ﬂ/g)/@ , the term

(9—cem)—4/3y0Q+7Q2 in Eq. (4.24) is less than or equal to zero so that Eq. (4.24) is

(4.35)

less than or equal to zero for any positive Q. That is, the E&DG producer has lower joint

production cost in the EDQ model than in the ED model.

In order to guarantee that there is one intersection as shown in the Figure 4.6, Eq.(4.31)

should be non-positive and Eq.(4.32) should be positive. Hence,

c, >0 (4.36)
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a. WhenQ>Q, = ( 9+4/ )/ 3y , the term 0 Cer ,\/37/ Q+yQ% in Eq. (4.24) is

greater than zero so that Eq. (4.24) is greater than zero for any positive Q. That is, the
E&DG producer has higher joint production cost in the EDQ model than in the ED

model.

Proof: for any positiveQ >Q, = (J@+\/§) / \/3_

—J370Q+7Q* =[(0-¢,,) - /370Q + yQ’]-[(0 - c,,) - \/370Q, + 1Q,’]
=—3/0(Q-Q,) +7(Q*-Q) =[{378 + 7(Q+Q)1(Q-Q,)
>[~370 +7(2Q,)1(Q-Q,) =[-370 + (250 + 2\y¢,,) I 3)(Q-Q,)
=[(-70 +2rc,,) 1\3)1(Q-Q,) >0

b. Otherwise, when Q> Q, Z(\/E+~/Cem)/ 3y , the term (0-c,, ,\/3;/ Q+yQ? in Eq.

(4.37)

(4.24) is less than or equal to zero so that Eq. (4.24) is less than or equal to zero for any
positive Q. That is, the E&DG producer has lower joint production cost in the EDQ

model than in the ED model.
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5. APPLICATION AND NUMERICAL ANALYSIS

This section is to present the analysis and application of the numerical example for all
models. One ton of corn often results in 1/3 ton of ethanol and 1/3 ton of DG in the dry mill
processing [1], thus let us assume that the proportion of ethanol as well as DG produced from
one unit of corn, k, =k, =1/3.

The extension at lowa State University publicly announce the price of corn, DG, and
ethnanol from Oct. 2006 to Sept. 2009 [45]. In lowa, the price of corn has ranged from
$2.33/bushel to $6.84/bushel ($91/ton~$269/ton); the price of DG (with 10% moisture) has
ranged from $71/ton ~$196/ton; and the price of ethanol has ranged from $1.42/gallon to

$2.80/gallon ($468/ton ~$924/ton) [45]. Hence, let us assume that the price of ethanol
p, =$900/ton, and the corn costc, =$180/ton. Perrin [46] estimated an average drying
cost of $25.80/ton of dry matter in DG. In this paper, we assume that the E&DG producer has
the joint production cost of processing one ton of corn c,, =$80/ton and the drying cost of
obtaining one ton of dried DG c,, =$60/ton. The processing cost of producing one ton of
feed is assumed c,, =$10/ton .

As for the DG fraction, the maximum DG fraction for swine is recommended from 0O to
0.60 [47], appropriate DG fraction for cattle has been achieved at the levels of 0.40 to 0.60
[48],[49]. In the case of the DG fraction for swine and beef, let us assume z, =0.40
[50],[51],[52].[53].

In summary, the parameters in the numerical example except the ethanol price and the

other ingredients' cost are:
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k, =k, =1/3,a, =180, B, =5x107°,7, =0.40,
p, =$750/ton, c,, = $80/ton, c, = $180/ton, c,, = $60/ton, c,, = $10/ton.

From a survey by Saunder and Rosentrater [54], for the E&DG producer, the average
amount of DG is 131,205 tons per year and the median value is 74,000tons per year. Since
the amount of DG can indicate the amount of corn for the production, so the corresponding
average amount of corn is 393,605 tons per year and the median value is 222,000tons per
year [55]. And the average capacity of each E&DG producer in 2008 is 58M gallon of
ethanol (520,000tons of corn) from the EPA's record. In this paper, we assume the capacity
of the E&DG producer is 450,000 tons of corn (which also can be represented by 150,000

tons of DG or 150,000tons of ethanol) [55].

5.1 Numerical solution of the ES model

As the other ingredients' cost increases, the profit of both producers decreases and the
quantity of DG as well as ethanol decrease, which is no helpful to the expanding ethanol
market. However, with the higher DG fraction may help to increase the amount of ethanol for
the ethanol market and increase the profit of both producers.

For this numerical example, from condition in Eq.(2.10) there existc, <« —c,, =170

and from condition in Eq.(2.31) there IS

(ag —Ciy)Ky =170/3> A =30>—(axy —Cy,)ky =—170/3. Therefore, the other ingredients'

cost is less than $170/ton .

5.1.1 The analysis of the ES model with respect to the other ingredients’ costc;
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Profit
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Figure 5.1 The profits of both producers with respect to cost of other ingredients

Quzntity

50 100 150
Figure 5.2 The quantity of DG as well as feed with respect to cost of other ingredients
Whenz, =0.40, as the other ingredients' cost increases, from Figure 5.1 both producers

lose profit and from Figure 5.2 the quantity of feed as well as DG decreases. Since Eq. (2.3)
shows the fixed ratio relation of quantity between ethanol and DG, the quantity of ethanol
deceases simultaneously.

5.1.2 The analysis of the ES model with respect to the DG fraction r,
As we know, with conditions in Egs. (2.10) and (2.31), there are 3 cases: 1) A > c,k;; 2)
A=c.ky; 3)A<c.k,. Thus, we will show three cases under different levels of the other

ingredients' cost (i.e., forage, alfalfa, and corn), in that the impact of the DG fraction on

increasing the quantity of DG as well as ethanol is presented.
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Case 1: A >c,k,, where A=(C,, +C, +CyK,)—K.P,.

Therefore, the other ingredients' cost is ¢, <$90/ton according to A >ck, . Let us

assume the other ingredients' costc, =$80/ton.

Profit
20 %107 f | |
lExlﬁ-'\N\
16 %107 F | |
14107 |
11107 | | |
10%107 fr = — o _ l |
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Figure 5.4 The price of DG as well as feed with respect to the DG fraction (Case 1)
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Figure 5.5 The quantity of DG as well as feed with respect to the DG fraction (Case 1)
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As the DG fraction increases, we will have the findings from Case 1 as following.

Both producers have the lower profit from Figure 5.3; the price of DG decreases and is
higher than other ingredients' cost, and the feed price increases from Figure 5.4; the quantity
of feed decreases but the quantity of DG increases from Figure 5.5, since the range of DG
fraction is 0 <z, <1 from the assumption A4 and that the quantity of DG increases as the
increase of the DG fraction whenz, < (ay —C; —C,)K, / (2(A—c,k,)) =4.5from Table 2.5.

a) Whenz, —1, there is the highest feed price p, =$160/ton which is less than the
maximum feed price r,, =$180/ton, thus the quantity of feed decreases to the
lowest amount according to the down-slope demand function of feed, but
quantity of DG is highest amount. Both producers have the lowest profit.

b) Whenz, — 0, there is the lowest feed price $157/ton, thus the quantity of feed
achieves the highest amount according to the down-slope demand function of
feed. At the same time, the DG price is approaching infinite because the feed
producer utilizes extremely small amount of DG that is close to zero for the feed
production. The feed producer has the profit from selling more feed and the
E&DG producer has the profit from selling extremely small amount of DG with

the extremely high DG price.

And usually the DG fraction for all kinds of animal [50],[51],[52] has been ranged fromO

to 0.6. So, the E&DG producer has [1.*"" ranged in [$17,640,000,$20,250,000), and the

feed producer has[1.*" ranged in [$8,820,000,$10,125,000). The DG price is ranged in
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[$160/ton, o) and the feed price is ranged in ($157/ton,$159/ton]. And the DG quantity is

ranged in (Oton,252,000ton] and the feed quantity is ranged in [420,000ton,450,000ton) .
When given 7, =0.40 , the E&DG producer has [1.*"" =$18,490,000 and the feed
producer has [1.*" =$9,245,000. The DG price is p,*" =$197/ton and the feed price is
Py =" =$158/ton. In addition, the DG quantity is D,**" =172,000ton and the feed quantity is
D, = 430,000ton .
With the lowest DG fractionz, — 0, both producers have the maximum profit and the

quantity of feed is the maximum since the feed price is the lowest. However, the quantity of
DG as well as ethanol is the lowest and approaching to zero since the DG price is infinite,

which is not helpful for the expanding ethanol market.

Case 2: A=c,k,, where A=(C,, +C,+CyK;)—K.P,.
Therefore, the other ingredients' cost is ¢, =$90/ton according to A=ck, . Let us

assume the other ingredients’ costc, =$90/ton.

(=]
(=]
(=]
(=]
b

3

*
(=]
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Figure 5.6 The profits of both producers with respect to the DG fraction (Case 2)
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Figure 5.7 The price of DG as well as feed with respect to the DG fraction (Case 2)
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Figure 5.8 The quantity of DG as well as feed with respect to the DG fraction (Case 2)

As the DG fraction increases, we will have the findings as following:

Both producers have the same profit from Figure 5.6; the price of DG decreases and is

higher than other ingredients' cost, and the feed price does not change from Figure 5.7; the

quantity of feed does not change, however, the quantity of DG keeps increasing from Figure

5.8. The non-change of feed price results in the non-change of quantity of feed according to

the down-slope demand function of feed.

a) Whenz, —»1, the quantity of DG is approaching the highest 400,000ton by

following Eq. (2.1) and the DG price approaches the lowest $130/ton .

b) Whenz, — 0, the DG price is approaching infinite because the feed producer

utilizes extremely small amount of DG, which is close to zero for the feed
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production. The feed producer has the profit$8,000,000 and the E&DG producer
has the profit$16, 000,000 .

Under this condition of Case 2, Eq. (2.3) tells that the quantity of ethanol is expanding as
the DG fraction increases, even though there is no change in each one's profit. The lower DG
price attracts the feed producer to use more DG in the feed.

And usually the DG fraction for all kinds of animal has been ranged in (0,0.6]
[50],[51],[52]. Therefore, the E&DG producer has [1.*" is $16,000,000 , and the feed
producer hasT.*"is$8,000,000. The DG price is ranged in[$156/ton,c) and the feed price
is$160/ton. And the DG quantity is ranged in (Oton,240,000ton] and the feed quantity is
400,000ton .

When given z, =0.40 , the E&DG producer has HE‘*“*:$16,OOO,OOO and the feed
producer has [1.*" =$8,000,000. The DG price is p,*" =$190/ton and the feed price is
Py =" =$160/ton . In addition, the DG quantity is D,*" =160,000ton and the feed quantity is
D, =400,000ton .

With the highest DG fractionz, —1, both producers do not change the profit and the

quantity of feed is constant since the feed price is constant. However, the DG price is the
lowest so that the quantity of DG as well as ethanol is the highest, which is helpful for the
expanding ethanol market. Under the condition in Case 2, with the highest DG fraction, even
there is no change in profit for both producers, the E&DG producer produces the maximum

quantity of ethanol.

Case 3: A<c,k,,where A=(C,, +C, +CyK;)—K.P,.

www.manaraa.com



68

Therefore, the other ingredients' cost is ¢, >$90/ton according to A=c,k, . Let us
assume the other ingredients' cost c, =$150/ton , since Eq. (2.10) requires
C; <ay —Cq, =170.

In terms of the impact from the change of DG fraction z, , the change of each producer's

profit is shown in Figure 5.9; the change of price of DG as well as feed is shown in Figure

5.10; and the change of quantity of DG as well as feed is shown in Figure 5.11.

Profit

Figure 5.9 The profits of both producers with respect to the DG fraction (Case 3)

Prices
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Figure 5.10 The price of DG as well as feed with respect to the DG fraction (Case 3)
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(mentity

Figure 5.11 The quantity of DG as well as feed with respect to the DG fraction (Case 3)
As the DG fraction increases, we will have the findings from Case 3 as following:
Both producers have the higher profit from Figure 5.9; the price of DG as well as feed
decrease from Figure 5.10; and the quantity of DG as well as feed increase from Figure 5.11.

a) Whenz, —1, there is the lowest feed price, thus the quantity of feed achieves

the highest amount according to the down-slope demand function of feed. The
more DG in the feed is, the more profit of both producers gains.

b) Whenz, —0, there is the highest feed price $175/ton which is less than the
maximum feed price o, =$180/ton , thus the quantity of feed achieves the

lowest amount according to the down-slope demand function of feed. At the
same time, the DG price is approaching infinite because the feed producer
utilizes extremely small amount of DG, which is close to zero for the feed
production. The feed producer has the profit from selling 100,000ton of feed and
the E&DG producer has the profit by selling extremely small amount of DG with
the extremely high DG price.

And usually the DG fraction for all kinds of animal has been ranged in (0,0.6]

[50],[51],[52],[53]. So, the E&DG producer has[1.*" ranged in ($1,000,000,$7,840,000] ,
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and the feed producer has[T.*"" ranged in ($500,000,$3,920,000]. The DG price is ranged
in[$136/ton,«c) and the feed price is ranged in [$166/ton, $175/ton) . And the DG quantity is
ranged in (Oton,168,000ton] and the feed quantity is ranged in (100,000ton,280,000ton].

When given z, =0.40 , the E&DG producer has HEEd*:$4,84O,OOO and the feed
producer has [1.*" =$2,420,000. The DG price is p,*" =$145/ton and the feed price is
Py ™" =$169/ton . In addition, the DG quantity is D,*" =88,000ton and the feed quantity is
D, " = 220,000ton .

With the lowest DG fraction z, -1, both producers have the maximum profit

respectively and the quantity of feed is in the maximum since the feed price is the lowest.
And more, the DG price is the lowest so that the quantity of DG as well as ethanol is the
highest, which is helpful for the expanding ethanol market. Under the condition in Case 3,
with the highest DG fraction, both producers have more profit and the E&DG producer
produces the maximum quantity of ethanol.

Since in Case 3 the increase of the DG fraction helps the expanding ethanol market and
increases the profit of both producers. Next, we want to present the numerical solutions of

both the ED model and the CC model in Case 3 with the other ingredients' costc, =$150/ton

5.2 Numerical solution of the ED model

k, =k, =1/3,a, =180, B, =5x107° 7, =0.40,
p, =$750/ton, ¢, = $80/ton, ¢, = $180/ton, c,, =$60/ton, c,, =$10/ton,c, =$150/ton.

em
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According to Eq. (2.47), this numerical example is in the Case 3 since A <c,k, for
A=(c, +c +Cuky)—k.,p, =30 and c,k, =50.
Figure 5.12 shows that the E&DG producer maximizes his profit by controlling the price

of DG p, as Eq. (2.11), while he knows the best response function of the feed producer is

Py (Py)in Eq. (2.15). Therefore, the peak in Figure 5.12 is that the equilibrium p,*“for DG

is$145/ton and [1.*" is$4,840,000.

"]
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5x 107

Ix10%
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5
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100 130 140 160 18D 10D 3
Figure 5.12 The profit of the E&DG producer w.r.t. the price of DG in the ED model

Similarly, Figure 5.13 shows that the feed producer in the ED model maximizes her own

profit by controlling the price of feed p, as Eq. (11), while p,*" = $145/ton is given by the

E&DG producer. Therefore, the peak in Figure 5.13 is that p,**" is $169/tonand [1.*""is

$2,420,000.
-
0 x 10% 5 47
%108
15 =108 |
o |
| -

150 160 170 18D 180

Figure 5.13 The profit of the feed producer w.r.t. the feed price in the ED model
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Therefore, from Figure 5.12 and Figure 5.13, the equilibrium prices in DG as well as

feed are {p,*" =$145/ton, p,*" =$169/ton}. The quantity of feed is D, **" = 220,000ton

according to the assumption Al. The profit of the E&DG producer is[1.*"" =$4,840,000,

and the profit of the feed producer isT1.*" = $2,420,000 as shown in Figure 5.12 and Figure

5.13. At the equilibrium point, the E&DG producer has twice more profit than the feed

producer, [1.*" =2[1.*".

5.3 Comparison among the ED model and the CC model

Table 5.1 Numerical values of the ED model and the CC model

*

*

*

*

*

*

Dy D, Q D, Py pe | TIE®) | I ®) | M

(ton) | (ton) | (ton) | (ton) | ($/ton) | ($/ton) %)
ED | 220,000 | 88,000 | 264,000 | 88,000 | 169 145 | 4,840,000 | 2,420,000 | 7,260,000
CC | 440,000 | 176,000 | 528,000 | 176,000 | 158 NA N/A N/A | 9,680,000

In the CC model, the optimal feed price is p,* = $158/ton. When compared to the ED

model, from Table 5.1, the CC model has the lower feed price along with the higher quantity

of feed. In addition, the CC model has the quantity of corn, the quantity of DG and the

quantity of ethanol twice more than the ED model. Therefore, more ethanol produced by the

E&DG producer is provided for the expanding ethanol market.

Py~ =$158/ton < p, ™" =$169/ton

D, =440,000ton = 2D, *"

D,*" =176,000ton = 2D,*"
Q™" =528,000ton = 2Q*"
D,*" =176,000ton = 2D,*""
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By coordination, the total channel profit under the CC model is higher than the total
profit in the ED model. Government might want to facilitate the sharing of the supply chain
profit by subsidy, etc. to promote the higher production of ethanol.

[ =TR* —TC*" =$9,680,000 > [T.*" +[1.*" =TR*" —TC*" =$7,260,000 , since
the increased total revenue is higher than the increased total cost when the CC model is

compared to the ED model, where the total revenue in the CC model is higher than that in the
ED model, ATR=TR® —TR*" >0, and the total cost in the CC model is higher than that in
the ED model, ATC =TC* —TC*" >0, from Table 5.2.

TR =R +R,“ =$201,520,000
TR*" =R *" +R,*" =$103,180,000
TC" = (Cyp, +C, +KyCyq ) Q" +C; (Dy ™ = D, ) + ¢y, D" = $191,840,000
TC*"

(Com +C +KyCag ) Q™ +C; (D™ =Dy )+ €4y Dy ™" = $95,920,000
Thus, the total profit in the ED model is 3/4 of that in the CC model,
(TT" + 1)/ Tee” =0.75.

Table 5.2 Revenues and costs in the ED model and the CC model

R, ($) R, ($) (Com +C. +kyCyy )Q Ri ($) | ¢ (Ddf* Dd*) Cin Dy
) ($) $)
ED 66,000,000 | 12,760,000 73,920,000 37,180,000 19,800,000 2,200,000
CC 132,000,000 NA 147,840,000 69,520,000 39,600,000 4,400,000
Ratio
b/w ED 0.50 NA 0.50 0.53 0.50 0.50
and CC

Table 5.2 shows the revenues in selling ethanol, DG, and feed, respectively, and includes

the costs for the E&DG production, other ingredients, and feed production, respectively.
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Compared with the ED model, the CC model will gain more revenue in selling ethanol
because more ethanol is produced, and gain more revenue in selling feed, although with a
lower feed price. However, the CC model costs more for E&DG production, the other

ingredients and the feed production with higher corresponding quantities.

R.*" =$132,000,000 = 2R *"

R, =$69,520,000 < 2R *"" = $74,360,000

(Co +C, +KyCyq ) Q™" =$147,840,000 = 2(c,,, +C, +KyCyq ) Q™"
¢, (Dy™ —D,*") =$39,600,000 = 2¢, (D, "~ D,*")

CDy ™ =$4,400,000 = 2c, D,

5.3.1 The analysis of supply chain models with respect to the DG fraction z,

When there is the other ingredients’ costc, =$150/ton, as the DG fraction increases, the
supply chain profit under both models increase, and the CC model has higher supply chain
profit than the ED model from Figure 5.14. When givenz, =0.40, the supply chain profit in
the CC model is $9,680,000 and in the ED model is$7,260,000. Moreover, usually the DG

fraction for all kinds of animal has been ranged from 0 to 0.60. So, the CC model has the

supply chain profit ranged in ($2,000, 000, $15,680,000], and the ED model has the supply

chain profit ranged in ($1,500,000,$11, 760,000].
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Supply Chain Profit
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5.4 Numerical solution of the EDQ model

In summary, the parameters in the numerical example are:

Figure 5.14 The analysis of the supply chain profit w.r.t the DG fraction

In this numerical example withz, =0.40, the quantity of corn used for the production

under both models is Q" =528,000ton and Q*"" = 264,000ton , respectively. Thus, Figure
5.15 shows the quantity of corn under both models. When the DG fraction for all kinds of
animal has been ranged from 0 to 0.60, the quantity of corn is ranged in (Oton,1,008,000ton]
in the CC model and in (Oton,504,000ton]in the ED model. According to the assumption A3

and Eg. (2.2), in the CC model, the quantity of DG as well as ethanol is ranged in

(Oton,168,000ton], and the feed quantity is ranged in (100,000ton,280,000ton].

Figure 5.15 The analysis of the quantity of corn w.r.t the DG fraction
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k, =k, =1/3,a, =180, B, =5x107°,6 =320,y =2x10°,7, =0.40,
p, = $750/ton, c, = $180/ton, c,, = $60/ton, c,, = $10/ton,c, = $150/ton.

5.4.1 The unit and total joint production cost in the EDQ model
Hence, from Eq. (4.1) in the EDQ model we have a function to express the total joint
production cost of the E&DG producer with regard to the quantity of corn used for the

production in (5.1).

Cen (Q) = 0Q —[370Q° + yQ° =320Q —8/3x107Q? +2x107°Q? (5.1)
The E&DG producer has the unit joint production cost as Figure 5.16 and the total joint
production cost as Figure 5.17. The unit joint production cost is a quadratic function with
regard to the quantity of con used for the production; the total joint production cost is a

monotonic increasing function as the increase of the quantity of con used for the production.

Uit joint prod. cost

SO -
S U

=
L=

n 100000 00000 300000 400000  SOD000
W WU WA DWW VAR DU DAY TR AW

Figure 5.16 The unit joint production cost of the E&DG producer
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Totzl joint prod. cost

100000 200000 300000 400000 S0DO00D  SDOODD  TOD 00D
Figure 5.17 The total joint production cost of the E&DG producer
5.4.2 Numerical example
This numerical example satisfies K—2I">0 in Eq. (4.12) and K+2I">0in Eq. (4.13),
so we have the equilibrium solution listed in Table 4.1. The numerical values of each

variables in the EDQ model are listed in Table 5.3.

Table 5.3 Numerical values of the ED model and the EDQ model

* * *

Dy Dy Q D, Par Py [ | T ©) | T ©)
(ton) (ton) (ton) (ton) | ($/ton) | ($/ton)

ED | 220,000 | 88,000 | 264,000 | 88,000 169 145 | 4,840,000 | 2,420,000 | 7,260,000

EDQ | 282,222 | 112,889 | 338,666 | 112,889 | 166 130 | 4,412,230 | 3,982,460 | 8,394,690

From Table 5.3, compared to the EDQ model, the ED model has the lower guantity in
feed, DG, corn, as well as ethanol, has the higher price in feed as well as DG, and has the
higher profit for the E&DG producer, the lower profit for the feed producer, and the lower
profit for the total profit of the supply chain.

Figure 5.18 presents the total joint production cost of the E&DG producer under the ED

model as well the EDQ model. Since c,, =6/4=80, Figure 5.18 is in the situation 1.
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Totzl joint production cost of the EEDG producer
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Figure 5.18 The total joint production cost of the E&DG producer in the ED & EDQ models

C,, Q%" =$2.112x10’
G Q) =0Q" — J370 (Q*") +7(Q"")’ =$2.71339x10’

The EDQ model spends more joint production cost than the ED model from

d* A do*
CnQ <Cpgy (Q*).
Profit of the E&D{G producer
gx10%p
sx10f |

4105}

Figure 5.19 The profit of the feed producer in the ED model as well as the EDQ model
Figure 5.20 shows that the E&DG producer maximizes his profit by controlling p, as Eq.

(2.11) in the ED model and Eq.(4.8) in the EDQ model, while he knows the best response

function for the feed producer is p, (p,)in Egs. (2.15) and (4.5). Therefore, the equilibrium
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p,~"in the ED model is$145/tonand [1.*" is$4,840,000, and the equilibrium p,“"in the

ED model is$130/tonand [1.°"" is$4,412,230.

DPyofit of I’."E Ead producer
S5=10¢r

4109}

Figure 5.20 The profit of the E&DG producer in the ED model as well as the EDQ model
Similarly, Figure 5.20 shows that, the feed producer in the ED model maximizes her

own profit by controlling p, as Eq. (2.12) in the ED model and Eq.(4.4) in the EDQ model,
while p,*" =$145/ton and p,*" =$130/ton are given by the E&DG producer. Therefore,
Py is $169/ton and [1.*"is$2,420,000, and the equilibrium p,*" in the ED model is

$166/ton and [1.*'""is$3,982,460.
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6. CONCLUDING REMARKS AND FUTURE WORK

Many studies about the competitive or coordination relationship between two successive
producers only study for one final product. Instead, our paper extends to study the
Stackelberg competition between two successive producers: the E&DG producer as the
Stackelberg leader produces two joint output products (ethanol and DG), and the feed
producer as the Stackelberg follower utilizes DG for feed production. Then the equilibrium
consequences are explored in terms of profits, prices, and demands, which shows the E&DG
producer gains more profit than the feed producer does. After analyzing with respect to
parameters from the feed producer, i.e., the DG fraction, the cost of other ingredients, the
E&DG producer has more sensitive profit to the change in these parameters than the feed
producer does. When other ingredients’ cost increases, the profit of both producers will lose
profit and the quantity of DG as well as ethanol decreases, since the increasing cost to
produce feed results in the increase of the feed price. However, the increase of the DG
fraction under specific cases helps to increase the quantity of DG as well as ethanol in order
to help the expanding ethanol market.

Being a group, the CC model is the coordination scenario to compare the Stackelberg
model with respect to the supply chain profit and the performance. Compared with the
Stackelberg model, the centrally coordinated model has higher total profit to be shared by
both producers, and has higher quantity of ethanol provided to the quick expanding ethanol
market.

In the part of work in progress, 1) the supply chain with a revenue sharing contract is

introduced for the higher coordinated profit. 2) the supply of DG from the E&DG is greater
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than its demand from the feed producer, and the surplus of DG is costly disposed of. And the
E&DG producer has the capacity constraint for his production. With these constraints, we
explored under what condition for the cost of discarding, the E&DG producer would not like
to discard.

The analysis presented in this paper leads to several interesting areas for further
research: 1) When most of other ingredient in feed is corn, what is the impact of the DG
fraction when the corn price is changing. 2) The effort of the feed producer to consume more

DG is taken into account. z, =a—bxp,/c,, the DG fraction in feed is the down slope

function with regard to the ratio between the DG price and the corn price [56]. Under a
certain condition, the incentive will lose effectiveness, and the E&DG producer will reject it.
3) When the surplus of DG occurs, the E&DG producer will select the quantity discount to
sell them. Then, we can study how the quantity discount strategy is applied in the supply

chain.
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