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Fuel Production from Corn Biomass
Ethanol Production

Introduction

The use of biomass for the production of alternative and renewable fuels is a global focus as the reserve of fossil fuels declines, energy demand increases, and concern for environmental changes increases.  On the national front, we are looking for a way to increase our national security, which can include limiting our dependence on foreign sources of oil.  Biomass is material derived from plants or organisms that can be used in industrial process.  A number of sources are being utilized for biomass, including corn, sugar beets, switch grasses, and soybeans and are being investigated as possible renewable sources for alternative fuels. 

Ethanol produced from biomass is currently being integrated into the fueling industry.   Ethanol and gasoline mixtures are currently being used as automotive fuel.  The amount of carbon dioxide produced by the combustion of ethanol is significantly lower than gasoline (Figure 1).  

[image: ]
Figure 1:  Production of carbon dioxide per gallon of gasoline equivalent.1

In 2006, 83% of the ethanol plants in the United States were using corn as the feedstock for the ethanol production; however, the amount of ethanol produced per acre of corn per year is less than that that of other feed stocks such as sugar beets or sugar cane.  You are asked to optimize an ethanol plant that uses corn as the feedstock.  A schematic for a sample corn plant is shown in Figure 2.  
[image: ]
Figure 2:  Schematic of a corn ethanol production plant.2

The design should meet the following criteria:

· 1 million gallons of ethanol must be produced at a purity of 95%
· The conversion factor for sugar to ethanol will never reach above 50%
· The concentration of ethanol in the fermentation process must not exceed 10%, as not to kill the yeast

Background and Economic Data

Different feedstock materials require different processing in order to produce the required sugar for fermentation by yeast into ethanol.  The wet milling process is required for all feedstock material in order to extract the useful sugar or starch from the biomass.  In the case of corn, the milling process releases starch.  These extracted starches must undergo a hydrolysis process in order to convert the starch to a simple sugar, which can be used in the fermentation process.  In the fermentation process, yeast feeds on the sugars and excretes carbon dioxide and ethanol.  Both products have application in the area of alternative fuels; the carbon dioxide can aid in the production of biodiesel from algal oil, and the ethanol can be used directly as a fuel, which has a value of $2.54/gal.  

As stated in the design criteria, the plant must produce 1 million gallons of ethanol per year from corn, which is bought at $4/bushel of usable biomass.  The production of ethanol occurs 24 hours a day for 350 days of the year.  The interest rate for this plant will be 8.5% over 10 years.  There are four components to the production of ethanol from biomass.
  
1) Conversion of feedstock to simple sugar
2) Cooling of the sugar slurry to the fermentation temperature
3) Fermentation of ethanol using yeast
4) Purification of ethanol from residual water of the slurry

Feedstock Conversion

The first step of converting feedstock to a simple sugar requires wet-milling, in which the feedstock is mixed with water to a concentration of 15 wt% and is processed into a slurry.  The mill runs continuously, with a residence time in the mill of 12 minutes to achieve the required particle size.  The size of the mill, Vmill, is 20% larger than the volume of slurry, Vfeed, into the machine to allow for agitation (Equation 1)  


		(1)


The cost of this mill is based on its capacity.  The cost equation is 


		(2)

The supply of water needed to create a slurry of the feedstock and starch is an annual utility cost, given in Equation 3. 


		(3)

where Lwater is the amount of water used to create the slurry.  

The milling process extracts starch from the feedstock.  Corn contains 65% starch that can be converted into sugar.  Starch is a molecule composed of multiple sugars bound together to form long chain.  Although starch is a complex sugar, the fermentation process used to produce ethanol requires simple sugars to be input.  A hydrolysis process can be used to break down the complex sugar structure of starch using enzymes.  At elevated temperature (~150°C), these enzymes attack starch molecules at specific bonds within the molecule and produce simple sugars that can be used during the fermentation.   Of the starch from corn, 90% can be converted to sugar through hydrolysis.  The amount of enzyme required for hydrolysis of starch is measured in units of activity.  For the enzymes in this process, 1 Unit of enzyme is needed to hydrolyze 1 kg of starch.   This relationship is shown in Equation 4,


	 	(4)



where  is the amount of enzymes needed, and  is the amount of starch extracted during milling.  These enzymes cost $75/10,000 Units.  The cost for maintaining the temperature for hydrolysis is given in Equation 5.


		(5)

Mash Cooling

After the starch has been hydrolyzed into sugar, the temperature of the mixture must be cooled to a temperature that will be more suitable for the growth of yeast during the fermentation.  A heat exchanger is used to achieve a temperature of 35°C for the water-sugar feed (assumed properties of water).  The medium used as the coolant in the heat exchanger has an inlet temperature of 25°C and is heated to 65°C during the cycle through the exchanger.  The design equation for the heat exchanger is in Equation 6.  


		(6) 


where  is the flow rate of the sugar-water mixture from the mill to the heat exchanger, 


		(7)

and 
F = 0.8 (assume that this is constant for all cases)
U = overall heat transfer coefficient = 500 W/m2K

The cost to operate this heat exchanger is based on the surface area, which can be calculated using Equation 6.  The cost equation is


		(8)

and the cost for the cooling medium, related to the energy of the heat exchanger, Q, is shown in Equation 9.


	 	(9)

Yeast Fermentation

The fermentation process is controlled by yeast, which digest simple sugar molecules to produce carbon dioxide and ethanol.  The conversion of sugar to ethanol is dependent on the temperature of fermentation, Tferment, and the time the yeast is allowed to ferment, tferment; however, the maximum conversion for this fermentation is 50%.  The optimum temperature for yeast growth is 35°C, but the time of fermentation is a function of the conversion of sugar to ethanol, a value which must be optimized.  The rate of this reaction is defined by Equation 10.


		(10)

where   


		(11)

The design equation for the reactor is given in Equation 12.


	 	(12)

Because the fermentation process can be disrupted by the introduction of bacteria and chemicals, a cleaning cycle is required after each fermentation to ensure contamination between batches does not occur.  The cleaning cycle increases the overall time per batch by 5 hours.  

The size of the fermentor is the based on the amount of feed being input into the process.   Equation 13 shows the relationship between fermentor size, Vfermentor, and amount of feedstock.


	 	(13)

where ttotal is the total time required for one cycle of fermentation.  The cost equation for the fermentor is 


		 (14)

Utility costs for fermentation include the heating to maintain a fermentor vessel temperature of 35°C and the cost of cleaning.  The cost of heating is given in Equation 15, and the cost of cleaning is given in Equation 16.


		 (15)


	 	(16)

Distillation of Product

After the ethanol production by yeast fermentation, the mixture of water and ethanol must be separated.  This separation is performed using a distillation column because ethanol and water have different volatilities (relative volatility, , is 3.5).  The distillation column must separate a molar feed of ethanol and water into a top product containing 95% ethanol.  The total molar feed and ethanol molar feed are dependent on the amount of solution (mixture or ethanol) leaving the fermentor (in kmol) per hour.  The dimensions of the column are dependent on reflux ratio, R, and the number of stages in the column, N.  The reflux ratio is the relationship between the molar flow rate of the recondensed liquid being returned to the tower, L, and the molar flow rate of the product, D (Figure 3).  The molar flow rate of vapor, V, leaving the column is the defined as the sum of the top and distillate streams, D+L, or (1+R)/D.




Figure 3:  Illustration of top part of distillation column with stream notation

In this purification, the base-case reflux ratio is 1.5, but this variable is to also be optimized.  The reflux ratio and number of stages are related by the Equations 17, 18, 19 and 20.  


		 (17)


		  (18)


		(19) 


		(20)

where ye and xe are the mole fraction of ethanol in the top stream (D) and bottom stream of the column, respectively.    

The dimensions of the column are related to the molar flow rate of vapor and the number of stage needed to perform the purification, as shown in Equation 21 and 22.  The volume of the distillation column is taken to be the volume of a cylinder with diameter, d[m] and length, L[m].


		(21)


		(22)

The equipment costs for the distillation column include the column, a condenser (10% column cost), and a reboiler (20% column cost).  The overall cost equation for this process is given in Equation 23.  


		(23)

The utility cost of cooling water is based on the molar flow rate of the vapor coming off the column, given in Equation 24.  


		(24)

where V is the latent heat of vaporization.  The cost of steam is taken as 20 times the cost of the cooling water. 
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