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Corn-based ethanol is the leader of sustainable sources of energy in the United

States due to the abundance of corn and the popularity of ethanol-gasoline mixes.  Over

the past decade, ethanol production has risen from 1.5 million gallons in 1999 to 13

million gallons in 2011. This increase in production requires expansion of ethanol plants.

Since Nebraska is the second highest producer of ethanol, we focus our research on the

expansion of ethanol plants in Nebraska.

The aim of this study is to develop an optimization model for capital investments

in ethanol in Nebraska and a medium sized ethanol plant with 100 million gallons

capacity in 2011. The model is developed for a firm in Nebraska and uses a planning

horizon of five years. The problem is formulated as a dynamic programming model and

solved using spread sheets. The data used are gathered from published papers, USDA

reports, official Nebraska government website and Renewable Fuel Association reports

(RFA). We find that the best strategy for a medium sized plant with capacity of 100

million gallons is to expand the capacity by 50 million gallons in the first year and reject

the decision to expand in the following years up to 2016. The best expansion for ethanol

in Nebraska is 200, 100 and 100 million gallon for 2012, 2013 and 2014 respectively and

no expansion in 2015 and 2016. A scenario analysis is used to illuminate the decision

space for different scenarios of profit margin and ethanol demand fluctuations.

Keywords: Ethanol, corn, dynamic programming, capacity expansion.
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The United States has been a net importer of ethanol in the last decade. The

imported ethanol is blended with gasoline and used for transportation fuel. In 2008, 556

million gallons of ethanol were imported, worth $1.25 billion. But in 2010 the United

States produced 13.2 billion gallons of ethanol. It was enough to meet the U.S demand of

12 billion gallons and have revenue of $825 million from export. In other words, in 2010

the United States became the global low-cost ethanol producer (USDA 1 International

agricultural trade report, July 20, 2011). The capacity of the U.S ethanol production is

still increasing. The factors that increase the interest in ethanol production in the U.S are

increasing crude oil prices, climate change concerns, elimination of Methyl Tertiary

Butyl Ether (MTBE), and stimulating American economy.

������������������������������������������

Figure1-1 shows the price of crude oil versus its production in the past few years.

The figure shows an increasing trend of the oil price. Even with the higher production in

2012 and with growing  production, crude oil production has not been sufficient to bring

oil prices back to the $60 a barrel or less range that we were comfortable with prior to

2006. According to EIA2 data, crude oil production in 2005 averaged 73.6 million barrels

a day. It has grown very little since then. Crude oil production for 2011 averaged 74.0
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million barrels a day. Prices for crude oil are assumed to remain historically high over the

next decade.
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The second reason of increasing interest in ethanol is the climate change concern.

Ethanol is one of the tools to fight air pollution from vehicles. It can improve overall

environmental quality compared to gasoline. Because it is made from plant-based feed

stuck, the CO2 released during a vehicle's fuel combustion is "recycled" during the

growth of ethanol feed stuck. Ethanol reduces GHG3 emissions by 30% to 50%. A study

published by Yale University's Journal of Industrial Ecology states that GHG emissions

from ethanol produced at dry-mill facilities are "equivalent to a 48 percent to 59 percent

reduction of GHG compared to gasoline.” (National Dry Mill Corn Ethanol Survey, May

4, 2010.)

�
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The next reason that the interest in ethanol is increasing is the concern about national

energy security. In 2011, over 60% of crude oil used in the U.S. was imported from other

countries. Figure 1-2 shows the reduction of oil imported in the past few years because of

domestic ethanol production. For example, in 2004, 143 million barrels of oil was

reduced, and in 2011 American ethanol production helped reduce the need for imported

oil by 485 million barrels. The figure shows an increasing reduction in the oil imported

during the past years. This reduction in the oil import proves the importance of ethanol as

a substitute for oil.

������ ��+ -�����������������$���������*������	�.�"���

Elimination of Methyl Tertiary Butyl Ether (MTBE) also helped to increase the

interest in producing ethanol. MTBE is a flammable liquid which is used as an additive in

unleaded gasoline. Its use has decreased in the United States in response to environmental

and health concerns. It has been banned according to recent state laws in certain areas. In
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January 1, 2004 California and New York, which together accounted for 40% of U.S.

MTBE consumption, banned the use of MTBE in gasoline. As of September 2005,

twenty-five states had signed legislation banning MTBE. Table 1-1 shows the state by

state information about the date of banning the MTBE and also the MTBE consumption

percentage of U.S total.

����� ��� /������.��	����������������(��!�����$���������$����������������!#%���������	�0���$����+,,+

State MTBE Ban Schedule
MTBE

Consumption
(% of U.S.

total)
California MTBE ban starting January 1, 2004 31.7
Colorado MTBE ban started April 30, 2002 0

Connecticut MTBE ban starting October 1, 2003 3.1
Illinois MTBE prohibited by July 2004 0

Indiana
MTBE limited to 0.5% by volume, starting July 23,

2004
0

Iowa 0.5% MTBE by volume cap, already in effect 0

Kansas
MTBE limited to 0.5% by volume, starting July 1,

2004
0

Kentucky
MTBE ban starting January 1, 2006; beginning in
January 1, 2004, ethanol encouraged to be used in

place of MTBE
0.8

Maine

Law merely expresses state’s “goal” to ban MTBE;
it’s not an actual ban. The “goal” is to phase out
gasoline or fuel products treated with MTBE by

January 1, 2003

0

Michigan MTBE prohibited by June 1, 2003 0

Minnesota
All ethers (MTBE, ETBE, TAME) limited to 1/3 of

1.0% by weight after July 1, 2000; after July 1, 2005,
total ether ban

0

Missouri
MTBE limited to 0.5% by volume, starting July 1,

2005
1.1

Nebraska
MTBE limited to 1.0% by volume, starting July 13,

2000
0

New York MTBE ban starting January 1, 2004 7.5
Ohio MTBE ban starting July 1, 2005 0

S. Dakota 0.5% MTBE by volume cap, already in effect 0
Washington MTBE ban starting December 31, 2003 0
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Figure 1-3 shows the U.S. gasoline production in green, the U.S ethanol production

in blue, and the increasing line of ethanol production as a percentage of domestic fuel

production for gasoline vehicles. The line shows an increasing percentage of ethanol

production.

������ ��1 !�*������������������2��	���$�����	���

Ethanol has helped to stimulate the American economy. In 2011, 90,200 direct jobs

and 311,400 indirect/induced jobs were created. This generated $42.4 billion contribution

to GDP and $29.9 billion in household income (Urbanchuk, 2012).

������� ������� ��	
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Table 1-2 shows that the investment in ethanol industry in the U.S. has increased

over the past years. In 2001, there were only 56 ethanol plants in the U.S; however, in

2011, the number of ethanol plants increased to more than 200. In year 2011, there are

still more than 500 plants under construction which shows the growing interest in ethanol

in the nation. In 2011, 29 states produce ethanol compared to only 18 states in 2004.

Table 1-2 shows complete information about the ethanol industry in the U.S.
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Ethanol production capacity also has expanded during past years. Table 1-2 also

shows the production capacity of ethanol in the U.S. In 2001, the capacity of ethanol

production in the U.S. was 1921 million gallons, but in 2011 it increased to 13,507

million gallons.
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Most ethanol production in the U.S. currently uses corn as the feed stuck.

Figure 1-4 compares the yearly amount of corn used for feed and residual use, feed

stuck to produce ethanol, and exports. It also includes the projection for 2020.

According to the figure, corn is increasingly used as a feed stuck for ethanol

production with about 36 percent of total corn use expected to go to ethanol

Year 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

Total Ethanol

Plants
56 61 68 72 81 95 110 139 170 189 204

Ethanol Production

Capacity (million

gallons)

1921.9 2347 2706.8 3100.8 3643.7 4336.4 5493.4 7888.4 10569.4 11877.4 13507.9

Plants under

construction

/Expansion

5 13 11 15 16 31 76 61 24 15 10

Capacity under

construction

or expanding

(million gallons)

64.7 390.7 483 598 754 1778 5635.5 5536 2066 1432 522

States with eth.

plants
18 19 20 19 18 20 21 21 26 26 29
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production during the projection period. (USDA long term projections report, Feb

2012).
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Figure 1-5 shows the corn ethanol supply chain. Ethanol supply chain starts from

farms and ends at the gasoline retail outlets. Needed corn is provided from neighboring

farms to the plants, and then ethanol is produced in the plants. It will be then transferred

via rail or trucks to the terminals for fuel blending and storage, and final product, E10

[and/or E85]4, is distributed to the gasoline retail outlets via trucks at the end. Studying

the ethanol supply chain requires a good understanding of all the parts of the chain and

their relationships and interactions. For example, production level of an ethanol plant is

4 E85 is 85% ethanol and 15% gasoline and E10 is 10% ethanol and 90% gasoline.
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related to the harvest amount of corn in the farms and also ethanol demand in the gasoline

retail outlets. Although working on the whole supply chain is worthwhile, our project

scope is limited to study the production level and capacity expansion in Nebraska Plants

and particularly a single medium sized plant in Nebraska.
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State of Nebraska is the second highest producer of ethanol in the U.S. (Figure 1-6).

Nebraska produces 14% of the total ethanol in the nation. It has 25 active ethanol plants

with an operating production of 1964 million gallons per year. This level of production

requires 818 million bushels of grains per year. The current investment in the ethanol
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plants in Nebraska is more than $5 billion which provide 1200 job opportunities. Figure

1-7 shows the plant locations throughout the state.
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Ethanol-blended market share in Nebraska has increased from 35% in 1993 to 76%

in 2011. Ethanol–blended fuel's market share fell in 2001 because the ethanol price began

rising faster than the gasoline price. Figure 1-8 indicates a significant increase in ethanol–

blended fuel market share from 2002 to 2005. This significant increase is due to the

availability of ethanol–blended fuel, the price at the pump, and strong demand for

ethanol. The lower market share of ethanol- blended fuel during 2006 was the price

premium of ethanol to gasoline. In 2007, market share increased with additional ethanol

operating capacity pushing ethanol prices lower. In 2008, the market share continued to

rise. In the fall of 2009, corn and ethanol prices decreased. But the market share was not

large enough to overcome 2008's record market share.
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The methods that are currently used to evaluate capital investment projects in the

ethanol vary widely, and there is no standard model that is used for ethanol investment

analysis.

Zou and Pederson (2008) use real option analysis to study ethanol capacity

expansion. They apply discounted net present value and a binomial option pricing model

in the expansion analysis. First, they consider the option to expand the scale of a

conventional ethanol plant. Second, they evaluate the option to choose a production

technology given three dry-milling choices – a conventional natural gas-fueled plant, a

stover-fueled plant, and a stover-plus-syrup-fueled plant. They develop input-output

coefficients and annual cash flow forecast for a hypothetical small ethanol plant with 50
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million gallon capacity using available industry and market price data. They do scenario

analysis to evaluate the effect of profitability and volatility on the expansion.

Schmit, et al (2009) analyze investment and operating decisions of corn-based dry-

grind ethanol facilities using net present value (NPV) and real options methods.(Schmit,

et al 2009). In this study, they used both NPV and real options frameworks to calculate

entry and exit ethanol gross margin triggers. They found that if there is an expected

upward trend in gross margins, investors would be willing to enter the industry sooner. If

they are already in the industry, they would delay exiting it if the expected margin in

positive. But the authors did not consider the changes in the demand and margin at the

same time.

There are some uncertainties in ethanol production profitability. According to

Tiffany and Eidman (2003), corn prices, gas prices, and ethanol prices affect the

profitability of ethanol industry. In other words, ethanol price uncertainty derives from

variability in the cost of feedstuffs (corn), variability in the cost of energy, and variability

in the price of ethanol. Higher corn prices relative to the price of ethanol imply less

operating margins and are contributing to the delayed corn ethanol plant investment

(Feinman, 2007). Investors in ethanol processing need to consider the volatility of costs

and prices in making any decision to invest.

Risk and uncertainty are considered by stochastic simulations in some of the studies

about ethanol investment. Stochastic simulation is used to evaluate a firm’s profitability

and returns using different pricing scenarios (Richardson et. al. 2007; Gallagher et. al.

2007).
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Richardson et al. (2007) developed a simulation model for 50 million gallons per

year ethanol plant in the Texas Panhandle based on accepted input/output coefficients and

investment costs. Historical risks for costs and prices were used to incorporate stochastic

values for these variables.

Richardson et al. (2007) developed a Monte Carlo simulation model of the economic

activity for a bio-ethanol plant to quantify the risks that influence the bio-ethanol

profitability from wheat in the winter rainfall region of South Africa. Uncertainties in this

study were government policies and rates of return.

Gallagher et al. (2007) used simulations to estimate the plant scale and profitability

implications of an ethanol processing firm, a joint producer/processor enterprise, and a

processing co-op. In this study, economies of production size and profitability or costs

changing by plant size are considered.
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Unlike fixed cost in conventional manufacturing systems, ethanol plants’ fixed cost

is expressed per gallon, not as a capital cost. The fixed cost consists of labor costs and

other costs such as operating supplies, maintenance supplies, insurance, local taxes,

interest cost of borrowing money and capital depreciation. According to USDA, the fixed

cost is calculated per gallon which is 19.35 cents/gal for natural gas-based plants; the

detail is shown in appendix A. (U.S. Environmental Protection Agency, 2007). Figure 2-

1 shows the costs.
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The variable cost of production depends on some factors such as corn price, gas

price, electricity price, and labor cost. The cost function that is developed by Perrin

(2009) is used in this study for calculating the variable cost of production. The cost

function describes per-gallon operating cost as a linear function of the prices of inputs.
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Variable Cost = 0.57 P + 0.02016P + 0.000480P + 0.274P

P is the price of electricity per kilowatt hour, P is the price of natural gas

per MMBTU; P is the Employment Cost Index (series CIS101) from the Bureau of

Labor Statistics, P is the price of corn per bushel.

Figure 2-2 shows that more than 80% of the variable cost for producing ethanol is from

corn.
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The capacity expansion cost is the cost of expanding the capacity by one gallon of

ethanol. Capacity expansion cost in a dry mill ethanol industry is $1.53 with a standard

deviation of $0.32 per gallon. (Gallagher et al. 2005)

Ethanol accounts for 70% of the total revenue of the plants that use dry mill

technology to produce ethanol. The other 30% of the revenue of the company is from the

co-products, distillers dried grain with soluble (DDGS), and carbon dioxide.
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The ethanol-corn crush margin refers to the process of refining corn into fuel

ethanol. While costs vary, corn is the main input cost, representing approximately 70

percent of the per gallon cost of creating ethanol.

The ethanol-corn crush is the difference between the price of the finished fuel

ethanol, DDG, and the price of corn. Because ethanol is traded in dollars per gallon,

DDG is traded in dollar per pound and corn in cents per bushel, a conversion of prices

into equal units is necessary.

One bushel of corn yields 2.8 gallons of ethanol and 17 pounds of DDG. So if we

want to unify the units into dollar per gallon, we can say that one gallon of ethanol and

6.071 pounds of DDG is the result of processing 1
2.8 bushel of corn. (Table 2-1)

����� +�� 
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So the margin equals:

(price of ethanol in dollar per gallon)+6.071*(price of DDG in dollar per pound)-

1/2.8 *(price of corn in dollar per bushel). The unit of margin is dollar per gallon.

Corn Ethanol DDG

1 bushel 2.8 gallon 17 Pounds

1/2.8 bushel 1 gallon 6.071 pounds
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It is better to use the data from 2007 to 2011 for prediction because the trend in data

from before 2007 is affected by other factors such as start of Persian Gulf War in 1990,

start of Iraq war in 2003 or recession. The fixed cost and capacity expansion costs are

19.35 cents/gal and 1.53 $/gallon, respectively. It is assumed that these costs inflate by a

rate of four percent per year. Discount rate is 1/(1+0.04)=96%.Table 2-2 shows the

historical data.

����� +�+ >���������0���

Year

Gas

price

($/unit)

Corn

price

($/

bushel)

Electricity

cost

($/kwh)

other

costs

($)

labor

cost

($)

variable

cost

($/gal)

ethanol

price

($/gal)

DDG

Price

($/

Pound)

shortage

cost= Lost

profit

($/gal)

2001 $5 1.89 $0.04 167.9 $108.20 $0.92 1.48 $0.56

2002 $5 2.13 $0.04 167.9 $108.20 $0.96 1.12 $0.16

2003 $5 2.24 $0.04 167.9 $108.20 $1.02 1.35 $0.33

2004 $5 2.44 $0.04 167.9 $108.20 $1.09 1.69 $0.60

2005 $5 1.96 $0.04 167.9 $108.20 $1.00 1.8 $0.80

2006 $5 2.28 $0.04 167.9 $108.20 $1.08 2.58 $1.50

2007 $5 ���9 $0.04 167.9 $108.20 ��������� 1.93 ����/� /�9�������

2008 $5 ��/& $0.04 167.9 $108.20 ��*$�$��$ 2.17 �$��9* /�*����/$9

2009 $5 ���� $0.04 167.9 $108.20 ���&$/�/� 1.61 ��9�/� /��9��*��$�

2010 $5 ��9& $0.04 167.9 $108.20 ���***�/� 1.75 ��&�*� /�$�**&�9�

2011 $5 $�$& $0.04 167.9 $108.20 ����/�*/* 2.55 �/9��� /�9$���/���
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Figures 2-3, 2-4, and 2-5 show the historical weekly data for ethanol, corn, and DDG

prices. The historical data for the prices are available weekly from USDA Livestock and

Grain Market News and 2012 State Ethanol Plant Reports. The horizontal axis shows the

date of the price which is the month and the week. It starts from Jan 1 2007 which means

the first week of January 2007 and ends at Dec 5 2011 which is the fifth week of

December 2011.  The figures are made compact in order to fit in the page so some of the

dates are not visible here. The crush margin historical data can be found by the definition

of margin in Figure 2-6 in Section 2.4.
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The monthly data for national ethanol demand is available from Renewable Fuels

Associations (RFA). In order to find the ethanol demand for Nebraska, we divide the

monthly ethanol capacity of Nebraska by the total ethanol capacity in the U.S. in that

month. The resulted numbers are the monthly Nebraska share of ethanol capacity. Then

the ethanol demand for Nebraska can be found by multiplying this number by the total

ethanol demand in the U.S. Nebraska production capacity data is available at the Official

Nebraska Government Website Reports. Figure 2-7 indicates the monthly historical

ethanol demand in U.S. and Nebraska from 2007 to 2011.
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The forecast for prices is found from USDA Agricultural Long-term Forecast

Report. The Report has the forecast for ethanol and corn, but not the DDG. However,

DDG price is a percentage of the corn price. Figure 2-8 shows the historical DDG prices

as a percentage of the price of corn from 2007 to 2011. The average percentage is 90%.
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This percentage is used to forecast the price of DDG for the next five years. Because

the forecast of corn price is available from USDA agricultural projection report, the price

of DDG can be easily found. Table 2-3 shows the prices projection for 2012 to 2016.
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The Nebraska ethanol demand is predicted for the next 5 years using nonlinear

regression. To predict the future data, regression analysis by the Trend lines in Microsoft

Excel have been used to graphically display trends in demand. By using regression

analysis, it is possible to extend a trend line in a graph of real data to predict future

values.

Microsoft Excel has six different trend/regression types. The type of data determines

the type of trendline that should be used. When a trendline is fitted to the data, Excel

automatically calculates its R-squared value. The more the R-squared is, the more reliable

the trendline is. Figure 2-9 indicates the nonlinear regression for the demand for

Nebraska. Figure 2-10 shows the monthly prediction. The prediction is then converted to

yearly basis for 2012 to 2016 in Figure 2-11.
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The average capacity of Nebraska from 2007 to 2011 is divided by the size of one

plant to calculate the plant’s share of total capacity. Considering the size of the plant is

100 million gallons per year, the average share is 7.6%. Then the predicted demand for

the plant can be calculated by multiplying 7.6% by the predicted demand for Nebraska.

Table 2-4 shows the predicted demand for the plant.
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For example, the ethanol demand for the plant for 2012 is 7.6% of the total demand

for Nebraska.

��#�.��
� �����

The project does not have a special case study but a conventional ethanol plant is

considered in the project. The data of the project related to ethanol price, demand, and

cost of the plant are taken from papers, the USDA reports, Renewable Fuels associations

(RFA) reports, and the official Nebraska government websites. The interest rate is the

average of three-month US Treasury Bills for the past 20 years. The average is 4%.

(Figure 2.12)

Year NE Demand Plant Demand

2012 2,018,449,339 153,402,149

2013 2,123,453,237 161,382,446

2014 2,214,411,751 168,295,293

2015 2,294,642,845 174,392,856

2016 2,366,412,005 179,847,312
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The other assumptions that are considered for Nebraska ethanol expansion and a

medium sized plant expansion are as follows:

� Whatever is produced is consumed.

� A medium sized ethanol plant is considered in the project with initial capacity of

100 million gallons per year.

� The discount rate is found from the average of three-month US treasury bills for

the past 20 years.

� Labor cost, electricity cost, natural gas price, and other cost in the variable cost

part of the model are assumed constant.

� The delay to expand the capacity is one year.

� The possible capacity expansion for Nebraska is assumed to be in the range of 0

to 600 with increments of 100.
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� The possible capacity expansion for a medium sized plant is assumed0, 50, and

100.

� The initial capacity for Nebraska is assumed 1958 million gallons per year.

� The ethanol production and capacity expansion costs for Nebraska are assumed

the same the expansion costs in a medium sized ethanol plant.

Figure 2-13 shows the inputs and outputs of the model. The inputs of the model are

the costs including the expansion cost, fixed cost, and the variable cost which includes

the prices for ethanol, corn, and DDG along with the other costs such as electricity and

labor. The discount rate and the ethanol demand are also inputs to the model. The results

of the model are ethanol production quantity and the capacity expansion of the plant.
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�&

��%� *����������� *�	��

Each ethanol plant has a specific capacity. The capacity of the ethanol plant is

defined by the gallon production of ethanol each year. For instance, the capacity of a

conventional ethanol plant is 100 million gallons per year. Annual profit of a plant is

defined by factors such as annual ethanol demand, ethanol price, quantity of production,

and total cost including fixed, variable, and expansion costs. So the profit of the plant is a

function of the factors mentioned above. In order to decide when and how much to

expand, we should first develop the profit model of the plant. By developing the model of

the total profit of the plant for a 5-year period, and by solving the model, the ethanol

manager can best decide when to expand the capacity and how much to expand. The

expansion decision unit is gallon ethanol. This model can be used for Nebraska as well.

With the objective of maximizing the total ethanol profit of Nebraska plants, the optimum

capacity expansion and production level decisions will be made for the Nebraska ethanol

industry. Total profit function of a plant is a recursive model that can be solved by

dynamic programming.

��%�� *�	�� '�������

'���$����

( ): Price of ethanol at the beginning of year t ($ per gallon)

( ): Demand for ethanol during year t (gallon)

( ): Fixed cost of ethanol production per gallon at the beginning of year t (dependent

on capacity) ($ per gallon)
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( ): Variable cost of per unit ethanol production at the beginning of year t ($ per

gallon)

: The delay between the decision time to increase the capacity and when the capacity is

usable (years)

( ): Capacity expansion cost at the beginning of year t ($ per gallon)

(0): Initial capacity of the ethanol plant (gallon) at beginning of year 2012

( ): Shortage cost per unit of excess demand ($ per gallon)

: Discount rate

: Planning horizon (years)

0�������E�������

( ) : Capacity at the beginning of year t (gallon)

( ): Production during year t (gallon)

( ): Possible capacity increase at the beginning of year t (gallon)
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The ethanol price per gallon is ( ), the revenue for the plant according to its

production will be
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( ) ∗ { ( ), ( )}

In other words,

Revenue =
( ) ∗ ( ) ( ) ≤ ( )

( ) ∗ ( ) ( ) > ( )

Since the demand is always greater than production (one of the assumptions) the

revenue is ( ) ∗ ( ).
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Cost of production includes fixed and variable costs. The fixed and variable costs are

( ) ($ per gallon) and ( ) ($ per gallon) respectively. The total cost is

( ) ( ) + ( ) ( ).
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The energy consumed for converting corn to ethanol includes thermal and electrical

energy. According to Shapouri (2002), the amount of electricity used per gallon is 1.09

Kwh and the amount of thermal energy used is over 36,000 BTU per gallon ethanol.

There is no special contract between ethanol plants and electricity utilities. The

ethanol plants pay the amount of electricity they consume the same as residential users,

but they pay more (14-15%) than residential electricity price since they are constant

users. So we can consider the electricity price fixed in the model.

�*������ 
��

�" ( ) > Pr( ) then there is a demand for ethanol that cannot be met, so there will be a
shortage cost or lost profit cost that can be shown as:
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( )( ( ) − ( ))

Where ( ) is the shortage cost per unit of excess demand ($ per gallon) and ( ) −

( ) is the amount of excess demand. We can assume that excess demand is lost and in

this case the problem will be simplified. However, in real problems there is a strategy of

backorder which can be used to meet the excess demand.

��%���0(+������ !
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The objective is to maximize the total discounted profit of the plant during the

planning horizon.

max ∑ ( ) (1)

 ��

( ) ≤ ( ) (2)

( − 1) ≤ ( ) (3)

( ) = ( − 1) + ( − ) (4)

( ) ≥ 0, ( ) ≥ 0

Equation (1) shows the total discounted profit. Total profit of the plant is equal to:

( ) = ( ) ∗ ( ) − ( ) ∗ ( ) − ( )( ( ) − ( )) − ( ) ∗ ( ) − ( )

∗ ( ( ) − ( − 1))

Constraint (2) states that the production is always less than the capacity. Constraint

(3) allows only the increase of the capacity, but not a decrease. Constraint (4) states that

there is a lag between when the manager decides to increase the capacity of the plant and
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when the increased capacity is usable. This delay is shown by L and it is represented in

years.

The decision to increase the capacity by ( ) at time t has its effect periods later at

+ . In other words, the capacity increase at period t is the result of the decision made L

periods before at − . For ( ), it is assumed that it is possible to increase the capacity

by 0, 50, or 100 million gallons for a single plant and 0, 100, …, or 600 million gallons

for all Nebraska plants.

��)�1�������/��������� *�	��

The problem is a 5-year capacity expansion problem. Demand in each year is

random. There is no inventory in ethanol plant. In other words, the storage will occur in

terminals (for blending and storage) which are out of scope of the study. Therefore, all

the ethanol produced will be sold. But if the plant produces less than demand, a shortage

cost ( ( ) per gallon) is considered. If the plant cannot meet the demand on time, the

demand will be lost. Based on the plant capacity, the plant manager decides on how many

gallons of ethanol to produce without knowing the demand at the beginning of each year.

It is assumed that the plant can produce ethanol by increments of 10 million gallons.

This problem is formulated as a deterministic capacity expansion model with

following characteristics.

� Decision: deterministic

� State transition (next state): deterministic

� Revenue (cost): deterministic for each state transition
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The goal is to determine an optimal production and capacity expansion policy to

maximize the expected net profit during a 5-year planning horizon.

��������� 0������

� State = , ( )

o : stage = period (year).

o ( ): capacity at the beginning of year t.

� Decision Sequence = ( (1) , (1), (2) , (2), … , (5) , (5))

o ( ) : gallons of ethanol produced during year t.

o ( ) : capacity increase at time t, this capacity will be applicable at

time +

Since the model is solved for a 5-year planning horizon, there is no capacity

expansion decision in year 5, which means (5) = 0.

In this study, is considered one year for simplicity. In other word, if the manager

decides to increase the capacity this year, it will take one year to install new equipment,

recruit more personnel, and so on to expand the plant capacity by ( ) gallons. So, new

capacity would be ( ) + ( ) gallons.

/�6�������E�������������

� = ( ) : The maximum expected net profit incurred during the years

, + 1, … , 5 when the capacity at the beginning of year is ( ) gallons

�����������!F������

� Backward:
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( ) = max
( )

{ ( ) + ( + 1) }; = 1,2,3,4

� ( ) ≤ ( )

� (0) = 100,000,000

Production is always less than or equal to the capacity. Moreover, since there

is a shortage cost in the model, it is assumed that the production level is less than

the demand at each year.

� Boundary Value, = 5:

( ( )) = max
( )

{ ( )};

� ( ) = 0

� Answer to the Problem: (100000000)

��2�*�	���3���	�����

One method to validate the model is to solve the model using the data of a real

system, and then compare the result of the model to what really happened. Because we

have the historical real data for ethanol production and expansion in Nebraska from

Official Nebraska Government Website, the model is solved for Nebraska. Then the

result of the model for Nebraska (capacity expansion and production level) is compared

to the real production and expansion from 2007 to 2011 in the Nebraska ethanol industry.

The absolute relative difference is calculated for each year. Table 2-5 shows the result of

the model that is solved for Nebraska. The initial capacity for the model is the real
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Nebraska ethanol production capacity of year 2007. According to the result, the best

decision is to expand the capacity in the first, second and third year by 500, 300, and 300

million gallons, respectively, and not to expand in the last two years. Table 2-6 shows the

real capacity expansions and production level in Nebraska from 2007 to 2011.
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Table 2-7 shows the relative difference of the result of the model and the real

system.  Because the initial capacity for the model in 2007 is the real capacity, the

difference is zero. For 2008, 2010, and 2011, the relative difference is almost below 9%.

However, for 2009, there is a 23% difference between the model result and the real
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production level. This difference is due to the low margin in 2009. The model shows the

decision not to expand in 2009 because of the very low range of margin.

����� +�< -��������0�		�������	�������������������������"

The average relative difference between the model result and the real data for

capacity is approximately 3% and for production level is 7.7%. These numbers are small

enough to confirm the validity of the model.

Year

Relative difference

for production

(%)

Relative Difference

for Capacity

(%)

2007 0 0

2008 2.629139631 2.629139631

2009 -23.30532719 -2.045108776

2010 -4.003744253 -1.346865492

2011 8.876200363 10.04355624

Average 7.762882288 3.212934028



�$

�� 4��
��� ��	��������� �������

��� ������� ���� ���
���

The model is solved for predicted data for year 2012 to 2016. Table 3-1 shows the

dynamic programming solution for a plant of size 100 million gallons per year.
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Year
Capacity

( ( ))
(gal)

Production
level ( ( ))

(gal)

Capacity
Expansion for

Next Year ( ( ))
(gal)

( ( ))
($)

2012 100,000,000 100,000,000 50,000,000 139,739,412

2013 150,000,000 150,000,000 0 217,470,359

2014 150,000,000 150,000,000 0 147,342,975

2015 150,000,000 150,000,000 0 88,113,248

2016 150,000,000 150,000,000 0 39,238,241

According to the solution, the best decision is to expand the capacity of the plant by 50

million gallons in the first year and not to expand in the following four years.

��� '�(���"�� ����� 4��
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Table 3-2 shows the dynamic programming solution for Nebraska ethanol

industry with the initial size of 1958 million gallon per year in 2012. The result shows

that the total expansion of 400 million gallon for the next five years; the best decision is

to expand 200, 100, and 100 million gallons in 2012, 2013, and 2014 respectively, and no

expansion in the last two years.
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By changing the inputs in Figure 2-13, we can see how the output will change.

The most important inputs that are of interests are the ethanol demand and the price of

ethanol, DDG, and corn.

����� 0������ ������������.�������5
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Instead of changing the ethanol, corn, and DDG prices separately, it is better and

easier to consider the changes in the margin. Margin is described in Section 2-4.

In order to change the margin, the profit function should be defined in terms of

margin. Equation (5) shows the profit function of the plant defined in terms of margin. C

is the variable cost excluding the corn price which has been already subtracted in the

margin. By redefining the profit function, the results remain the same as expected.

( ) = ( − ) ∗ ( ) − ( )( ( ) − ( )) − ( ) ∗ ( ) − ( ) ∗ ( ( )) (5)
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In one-way sensitivity analysis, one of the factors is kept constant and the effect of

changing the other factor on the results is studied. To study the effect of changing the

margin on the results, the demand is considered unchanged.

������������

Table 3-3 summarizes the results of changing the margin. The numbers in the

same row in the “margin changes” column give the same result. So they are summarized

in one row. The numbers in the table show the ethanol capacity expansion in million

gallons per year. The table explains that if the margin decreases by 40%, the decision is

not to expand the capacity in the following five years. If the margin decreases by 10%,

20%, or even by 30%, the decision is to expand the capacity by 50 million gallons in the

first year. This decision is the same when the margin increases by 10%. However, if the

margin increases by 20%, 30%, or 40%, the expansion of 100 million gallons in the first

year is the best decision.

�����1�1 /���.�"���������"�����"��	���$����������������

Margin changes 2012 2013 2014 2015 2016

-40% 0 0 0 0 0

-30%, -20%, -10%, 0%, 10% 50 0 0 0 0

20%, 30%, 40% 100 0 0 0 0

Ranges may be defined to better analyze the results. Table 3-4 shows these

ranges. For example, for decrease of 20% or less the range is called Vey Low. For a

decrease up to 20%, the range is called Medium Low. Then there is the Base Case. The

increase up to 20% is called Medium High and over 20% increase is named Very High.
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Very Low (VL) >-20%

Medium Low (ML) 0 to -20%

No Change/Base Case (BC) 0

Medium High (MH) 0  to 20%

Very High (VH) >20%

It is indicated that for a VL range of margin it is better not to expand. For a 30%

decrease, the results show that we should expand by 50 million gallons in the first year

but in order to range the changes and with a conservative analysis we say not to expand

for VL range of margin. For ML range of margin (when it decreases by 20% or less), for

BC (0%) and for MH range of margin, the decision is to expand by 50 million gallons in

the first year.5 For VH range, it would be better to at least6 expand by 100 million gallons

in the first year.

:����)�������

Table 3-5 summarizes the results for changing the margin. The numbers in the

same row in the “margin changes” column give the same result for the specific margin

change, so they are summarized in one row. The numbers in the table show the ethanol

capacity expansion in million gallons per year. The table explains that if the margin

decreases or increases by any percentages, the decision does not change, and it is still

optimal to expand the capacity by 200, 100, and 100 million gallons in 2012, 2013, and

2014, respectively, and not to expand in 2015 and 2016. Because the most important

5 Again in this case according to the model result we should expand by 100 mil gal when the margin
increases by 20%; however, in order to analyze the scenarios by ranges we include the 20% in the medium
high level and with a conservative action we decide to expand by 50.
6 With higher increase than 40% the expansion may be higher.
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factor that affects the expansion is the demand. When the demand is unchanged and we

can meet the demand with the current capacity and there is no need to expand the

capacity. However, for different margins, the profit is different as it is indicated in the last

column of the table.
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In order to explain the result by the ranges that were defined, it can be said that

for all ranges of margin (VL,ML, BC, MH, VH) the decision is to expand 200, 100, and

100 million gallons in the first three years if the demand remains unchanged.

������� ����	
�	���������

Another scenario is changing the ethanol demand. The demand of ethanol is a

function of ethanol consumption and the amount of ethanol that is exported to other
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states. If either of these two increases in the future, the demand for ethanol will increase,

and if it decreases, the demand will decrease. The ethanol demand has a direct impact in

ethanol plant profitability, so we should consider scenarios of different demand for

ethanol in the future. Table 3-6 summarizes the different results for different demands.

The column of “demand changes” shows the different percentages of increase or decrease

for demand. The changes that results in the same expansions are categorized in the same

row. For instance, either10%, 20%, or 30% increases resulted in the same expansion of

100 million gallon in the first year.
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demand changes 2012 2013 2014 2015 2016

-40% , -30% 0 0 0 0 0

-20%, -10%, 0% 50 0 0 0 0

10%, 20%, 30% 100 0 0 0 0

40% 100 50 0 0 0

Table 3-6 shows that if the demand decreases by 30% or 40%, the decision is not

to expand the capacity of the plant. It can be inferred from the table that if the demand

decreases by 10% or 20%, the result does not change; the decision is still to expand the

capacity by 50 million gallon, which is the decision for the base case. However, if the

demand increases by 10%, 20%, or 30%, it would be better to expand by 100 million
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gallon. For VH range of demand, 40% increase, an expansion in the second year is

recommended too.

In order to explain the results in terms of ranges it can be inferred that for Very

Low (VL) range of demand, no expansion;, for Medium Low (ML) and Base Case (BC),

50 million gallons of expansion in the first year; and for the Medium High (MH) range,

100 million gallons of expansion in the first year is recommended. For Vey High (VH)

demand, the best decision is the same as the ML range however with the 40% increase in

demand an expansion of 50 million gallons in the second year is also recommended. But

to be conservative the decision is to expand only 100 million gallons in the first year for

VH range of demand.

:����)��'����

Table 3-7 shows that if the demand decreases by 20%, 30%, or 40% the decision

is not to expand the capacity of ethanol in Nebraska. It can be inferred from the table that

if the demand decreases by 10%, the decision is to expand the capacity in the second and

fourth year by 100 million gallons. If the demand increases by 20%, the expansion in the

first year should be 200 more and another expansion in the fourth year is recommended.

For 30% increase in demand, the best expansion is 600, 400, and 100 in the first three

years, and for 40% the expansion in the second year increases by 200.

According to the definition for ranges, for VL and ML ranges of demand, no

expansion, for BC range of demand, 200, 100 and 100 million gallons of expansion in the

first three years, for the MH range, 400, 100 and 100 million gallons of expansion in the
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first three years and for VH range of demand 600, 400 and 100 million gallons of

expansion in the first three years is recommended. There are overlaps in results of some

ranges for instance 30% and 40% increase in demand have different results but for But to

be conservative the decision is to expand according to the lower range.
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In two-way sensitivity analysis, changing the demand and margin at the same

time is studied. The demand and the margin change simultaneously in this section.

�������'����

Table 3-8 shows the different results for different margin and demand. In the

table, the changes that have the same result are categorized in the same row. For example,
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when the demand decreases by 10% and the margin decreases by 40% the decisions are

not to expand at all, but for all other changes in the margin for 10% decrease of demand,

the result shows an expansion of 50 million gallons in the first year. If demand decreases

40%, no matter what the change in the margin is, the decision is not to expand for the

following years. If the demand decreases 30% and margin increases 30% or 40%, the

decision is to expand the capacity in the first year by 50 million gallon. Otherwise, there

will be no capacity expansion. For 20% decrease in demand, the decision is not to expand

for any more than 10% decrease in margin; otherwise, it is recommended to expand the

capacity by 50 million gallon in the first year. If the demand decreases 10%, the capacity

will not change only if the margin decreases 40% or more. It means that for margin

decrease up to 30% or increase up to 40%, the decision will be to expand in the first year

by 50 million gallon. If the demand does not change, it is the case of the one side

sensitivity analysis. So the result is to expand the capacity by 50 million gallon if the

margin does not decrease more than 30% and does not increase more than 10% and

expand by 100 million gallon if the margin does not increase more than 40% or decrease

more than 20%. If the demand increases 10%, even if the margin decreases by 30% or

40%, there will be an expansion in the first year by 50 million gallon and if the margin

does not decrease more than 30% there will be an expansion by 100 million gallon. We

can see that the demand has a much stronger effect on the decision. The effect of demand

change when it increases by 30% or 40% outweighs the effect of decrease in the margin

even if it decreases by 30%.
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Demand Margin 2012 2013 2014 2015 2016

-40% -40%,…, 40% 0 0 0 0 0

-30% -40%,…, 20% 0 0 0 0 0

-30% 30% 50 0 0 0 0

-30% 40% 50 0 0 0 0

-20% -40%, -30%, -20% 0 0 0 0 0

-20% -10%,…,40% 50 0 0 0 0

-10% -40% 0 0 0 0 0

-10% -30%, …, 40% 50 0 0 0 0

0% -40% 0 0 0 0 0

0% -30%, …, 10% 50 0 0 0 0

0% 20%, 30%, 40% 100 0 0 0 0

10% -40% 0 0 0 0 0

10% -30% 50 0 0 0 0

10% -20%, …, 40% 100 0 0 0 0

20% -40% 0 0 0 0 0

20% -30%, …, 40% 100 0 0 0 0

30% -40% 0 0 0 0 0

30% -30%, … ,10% 100 0 0 0 0

30% 20%, 30%, 40% 100 50 0 0 0

40% -40% 0 0 0 0 0

40% -30%, -20% 100 0 0 0 0

40% -10%,0, …, 40% 100 50 0 0 0

Table 3-9 shows the results of the expansion according to the range definitions.

When the demand is too low, for example, it decreases by 40% or more, the decision is

not to expand when the margin is in ML range. Only if the margin increases by 30% or

more, we will have an expansion in the case of VL range of demand for ethanol (30%

decrease or more).
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Margin

Demand

VL ML BC MH VH

VL 0 0 0 0 50,0,0,0,0

ML 0 50,0,0,0,0 50,0,0,0,0 50,0,0,0,0 50,0,0,0,0

BC 0 50,0,0,0,0 50,0,0,0,0 50,0,0,0,0 100,0,0,0,0

MH 50,0,0,0,0 100,0,0,0,0 100,0,0,0,0 100,0,0,0,0 100,0,0,0,0

VH 0 100,0,0,0,0 100,0,0,0,0 100,50,0,0,0 100,50,0,0,0

Figure 3-1 shows the percentage of changes in the margin and demand in two

dimensions and the total discounted profit of the plant in the third dimension. The figure

indicates that when the margin and the demand increase by 20% and 40%, respectively,

the plant will have its maximum total profit.  When the demand increases by 40% and the

margin decreases by 30%, the plant has the minimum profit (see appendix D for more

detail). This is because of the shortage cost or lost profit in the model. The demand

increases significantly but the plant cannot meet the demand, so its profit is low.

Appendix B shows the different production level and capacity of a plant for different

changes in the margin and demand in detail.
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Table 3-10 shows the two-way sensitivity analysis for Nebraska ethanol

expansion. Again to summarize the table the changes that have the same result are

categorized in the same row. For example, when the demand decreases by 40% or

increases by 40%, the result is the same, so they are presented in one cell.

������1��, �.��.�"���������"�����"��	����������"��B����������:���)�

Demand Margin 2012 2013 2014 2015 2016

-40% -40%, …, 40% 0 0 0 0 0

-30% -40%, …, 40% 0 0 0 0 0

-20% -40%, …, 40% 0 0 0 0 0

-10% -40%, -30%, -20% 0 100 0 0 0

-10% -10%, 0% 0 100 0 100 0

-10% 10%, …, 40% 0 100 100 0 0

0% -40%, …, 40% 200 100 100 0 0

10% -40%, …, 20% 400 100 100 0 0

10% 30%, 40% 400 100 100 100 0

20% -40%, -30% 600 100 100 0 0

20% -20%, …, 30% 600 100 100 100 0

20% 40% 600 100 100 100 0

30% -40% 600 400 0 0 0

30% -30%, …, 40% 600 400 100 0 0

40% -40%, …, 0% 600 600 100 0 0

40% 10%, …,40% 600 600 100 100 0
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Margin

Demand

VL ML BC MH VH

VL 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0

ML 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0 0,0,0,0,0

BC 200,100,100,0,0 200,100,100,0,0 200,100,100,0,0 200,100,100,0,0 200,100,100,0,0

MH 400,100,100,0,0 400,100,100,0,0 400,100,100,0,0 400,100,100,0,0 400,100,100,100,0

VH 600,400,0,0,0 600,400,100,0,0 600,400,100,0,0 600,400,100,0,0 600,400,100,0,0

Table 3-11 shows different results for different ranges of the demand and the

margin changes. For example, for ML for the demand and any ranges of the margin, the

decision is not to expand. For MH for the demand and any ranges except the VH for the

margin the decision is to expand 400, 100, 100, 0, 0 million gallons in the next five years,

respectively. However, for VH range of the margin another expansion of 100 million

gallon in addition to the other 600 million gallons is recommended.
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Figure 3-2 shows a three dimensional analysis of demand changes, margin

changes, and the total profit of ethanol in Nebraska. The complete information of the

profit for different changes of demand and margin is in Appendix E. It shows that for

20% increase in the demand and 40% increase in the margin, the ethanol in Nebraska has

the highest profit. For 40% decrease in the demand and the margin, the total profit of

Nebraska is minimized.
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Ethanol is a renewable fuel. Whether used in low-level blends, such as E10 (10%

ethanol, 90% gasoline), or in E85 (a gasoline-ethanol blend containing 51% to 83%

ethanol, depending on geography and season), ethanol helps reduce imported oil and

greenhouse gas emissions. In this thesis, capacity expansion and production quantity

decision of ethanol in Nebraska and also for an average sized plant in Nebraska are

studied. In order to the optimal expansion decision, a dynamic programming model is

developed. The data used in this study such as corn, DDG, and ethanol prices, ethanol

demand, natural gas, and electricity prices are all gathered from Nebraska Energy Office

website, USDA reports, and renewable fuel associations statistics. The data used are from

2007 to 2011. The predicted data of demand for years 2012 to 2016 are found using a

nonlinear regression and the forecasted data for the prices are all from the USDA

agricultural projections long term report. The model is solved with the predicted data.

The result shows that the best decision for a medium sized plant is to expand the capacity

in the first year by 50 million gallon, and the best decision for Nebraska is to expand by

200, 100, and 100 million gallons in the first three years. Scenarios have been tested for

changes in the margin and demand. The scenarios include the increments of 10% increase

or decrease up to 40%. The results show that the demand has a stronger effect on the

decision than margin. In the case of VL and VH range of demand, the margin has little

impact on the expansion decision.

For future research, we plan to relax some of the assumptions made in the model to

better represent real investment options. We also plan to improve our model to more
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accurately show the risk and uncertainty in the ethanol production. For example, the model

may be expanded to include additional sources of uncertainty like energy prices and by-

product sales.



��

4�!�������

Biofuels Industry in Illinois, Proceedings of the October 15 and 16, 2008 Conference, St.

Louis, Missouri.

Feinman, M. 2007. “As Economic Squeeze Hits Ethanol Industry Several Companies

Halt or Slow Down Construction.” Grainnet, October. < http://www.grainnet.com >

Glenn Pederson, Tianyu Zou, (2009) "Using real options to evaluate ethanol plant

expansion decisions", Agricultural Finance Review, Vol. 69 Iss: 1, pp.23 – 35

John M. Urbanchuk, 2012; “ Contribution of the ethanol industry to the economy of the

united states “Prepared for the Renewable Fuels Association.

Official Nebraska government website. <www.neo.ne.gov/statshtml/66.html>

Paul W. Gallaghera, Heather Brubakera, Hosein Shapouri, 2004, “Plant size: Capital cost

relationships in the dry mill ethanol industry”; Biomass and Bioenergy 28 (2005)

565–571.

Renewable Fuels Associations statistics.< ���!6FF���������	��"��	��F!����F����������FH

Richard K. Perrin, Nicholas F. Fretes, and Juan Pablo Sesmero, 2009 “ Efficiency in

Midwest US Corn Ethanol Plants: A Plant Survey, Energy Policy 37(4): pp. 1309-

1316.



��

Richardson, J.W., B.K. Herbst, J.L. Outlaw, and R C. Gill II. 2007. “Including Risk in

Economic Feasibility Analyses: The Case of Ethanol Production in Texas.”

Agribusiness 25:115-132.

SRINIVASAN RAJAGOPALAN,* ELANKOVAN PONNAMPALAM, DAROLD

CCALLA, AND MARK STOWERS, 2004;” Enhancing Profitability of Dry Mill

Ethanol Plants Process Modeling and Economics of Conversion of Degermed

Defibered Corn to Ethanol” ; APPLIED BIOCHEMISTRY AND IOTECHNOLOGY

Volume 120, Number 1 (2005), 37-50, DOI: 10.1385/ABAB:120:1:37

The EPA report, 2007, “Regulation of Fuels and Fuel Additives: Renewable Fuel

Standard Program, Chapter 6, Costs”; Assessment and Standards Division, Office of

Transportation and Air Quality, U.S. Environmental Protection Agency.

The US Department of Agriculture.< http://www.usda.gov/wps/portal/usda/usdahome>

Tiffany, D. and V. Eidman, 2003, “Factors Associated with Success of Fuel Ethanol

Producers”, Staff Paper P03-7, Department of Applied Economics, University of

Minnesota.

Todd M. Schmit, Jianchuan Luo, and Loren W. Tauer , 2009; “Ethanol Plant Investment

using Net Present Value and Real Options Analyses”; Biomass and Bioenergy,

Volume 33, Issue 10, October 2009, Pages 1442–1451.

Ümit Deniz Tursun, Seungmo Kang, Hayri Önal, Yanfeng Ouyang, Jürgen Scheffran,

2008; “Optimal Biorefinery Locations and Transportation Network for the Future



��

USDA Agricultural Projections to 2021. Office of the Chief Economist, World

Agricultural Outlook Board, U.S. Department of Agriculture. Prepared by the

Interagency Agricultural Projections Committee, 2012.

USDA Livestock and Grain Market News, National weekly ethanol summary, 2012.

USDA International agricultural trade report, July 20, 2011.

U.S. Environmental Protection Agency, “costs” in Regulation of Fuels and Fuel

Additives: Renewable Fuel Standard Program”, EPA420-R-07-006 April 2007.

U.S. Energy Information Administration, Office of Petroleum and Biofuels Statistics,

U.S. Department of Energy, Feb 2012 “Petroleum Marketing Monthly”. DOE/EIA-

0380(2012/02).



�$

.  ��	�6

.  ��	�6�.5���6�	�����



�&

.  ��	�6 75����������-�������4��
���

Appendix B shows the changes in the production and capacity level (gal) and the capacity

expansion (gal) for different changes in the margin and demand.
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