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ABSTRACT 

 

 The goal of this project was to design an ethanol production process from sweet sorghum 

for use as a renewable fuel. Sorghum stalks are first harvested and sent through a series of 2 

three-roller extractors (70% total efficiency). Extracted juice is pumped to the reactor for 

preservation and fermentation. Sodium metabisulfite preserves the juice. Ethanol Red 

(Saccharomyces cerevisiae) is the fermentation yeast. Following fermentation, the juice (8% 

ethanol by mass) is distilled to achieve 90% ethanol. A molecular sieve extracts excess water, 

resulting in 100% ethanol. Plant wastes accumulate during the process. These wastes are 

collected, dried, and sold as animal feed for profit. The project economics indicate that the 

overall process is not currently economically feasible. The net present value (NPV) for the 

optimum economic situation, assuming a 15 year plant lifetime and 15% interest rate, is -$125 

M. Under these circumstances, the ethanol would need to be sold at $44.37 per gallon to break 

even. To improve this process, further development of methods for increasing juice extraction 

efficiency should be explored. Additionally, the distillation process could be enhanced with a 

second distillation column to achieve 95% ethanol prior to using the molecular sieve.  
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SUMMARY 

Current concerns about renewable energy are pushing engineering to look at alternative 

feed-stock for renewable fuel generation. The production of ethanol from sweet sorghum is 

explored in order to reduce the usage of food-derived fuels, and its potential to replace corn as 

the main crop for bio-fuels. The main goal of this project is to determine the technical and 

economic feasibility of using sweet sorghum for the production of fuel-grade ethanol. The target 

production of the process developed by Transformers Inc. is 500,000 gallons of ethanol per year.  

The location selected is Tucson, Arizona. Tucson is selected due to the availability of 

land, and the environmental benefits to grow sweet sorghum. Arizona, unlike states in the east 

and Midwest, is not saturated with ethanol production facilities, therefore the amount of 

competition is lower. An area of 7,700 hectares of land is needed to accommodate enough sweet 

sorghum for the target production rate; that is about 105 thousand metric tons of sweet sorghum 

per year. 

Fermentation is the method used to process the extracted sweet sorghum juice. Sorghum 

stalks are first processed using a series of two three-roller extractors to press out its juice with an 

efficiency of 70%. Sweet sorghum juice is fermented using an industrial yeast called Ethanol 

Red (Saccharomyces cerevisiae). Juice is fermented in batches; this process contains enough 

batches to simulate a continuous process system. The final ethanol concentration of the juice is 

8% ethanol by mass. 

The plant’s distillation system separates the ethanol containing stream from water and 

solid impurities. The resulting stream is 90% ethanol; a molecular sieve is used to capture water 

resulting in 100% ethanol. The waste management system takes the residuals from the 

extraction, fermentation, and distillation process to responsibly dispose of it. The waste 

management system also stores and processes the biomass produced by the facility for sale as 

cattle feed. 

The net present value (NPV) represents the financial feasibility of the plant. This was 

calculated on a lifetime of 15 years at an interest rate of 15%. Three scenarios were explored; 

none of them were financially feasible due to a lack of sales. Scenario 1 had the least negative 

NPV, -$124,500,000. Under the conditions of scenario 1, Transformers Inc. owns the land and 

seeds to grow sweet sorghum as well as the facility to process it. In scenario 2, Transformers Inc. 

buys sweet sorghum juice already extracted and transports in refrigerated tanks, NPV of               
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-$206,000,000. In scenario 3, Transformers Inc. buys sweet sorghum juice already extracted and 

transports it in tanks and allows the juice to ferment, NPV of    -$147,000,000. The current price 

of ethanol in the market fluctuates around $1.18 per gallon; under a sensitivity analysis a gallon 

of ethanol produced by this facility would need to be sold at $44.37 under the conditions 

described in Scenario 1. 

The recommendation of Transformers Inc. is not to build this plant under the described 

conditions. Future work is recommended in two main areas: the extraction of juice and the 

distillation of ethanol. Improving the extraction of juice improves the overall efficiency of the 

process increasing the amount of juice obtained per acre of sweet sorghum. A second distillation 

column should be the subject of a cost benefit analysis.  
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SECTION 1: INTRODUCTION/BACKGROUND 

 Traditional fossil fuels such as petroleum and coal are limited energy resources that have 

been drawn upon for more than two hundred years.  As developing nations begin to industrialize, 

global demand for energy will continue to increase exponentially; it is ever more apparent that a 

fixed amount of fossil fuels will not support future needs.  Therefore, a more sustainable source 

is necessary.  Renewable fuels such as bioethanol derived from corn have been proposed as a 

replacement for traditional fossil fuels.  However, the use of food-derived fuel sources decreases 

the availability of foodstuffs for human consumption.  This further exacerbates food crisis issues 

in regions where a crop such as corn is a staple of the local diet (Environmental Impact).  Ideally, 

future bioethanol production will originate from a crop that has comparable energy potential but 

is not consumed as a food source.  Sorghum is an attractive option that displays both of these 

characteristics.  Growing vertically in leafy stalks that resemble sugar cane, sorghum is drought 

and temperature resistant which allows it to grow in warmer climates such as Southern Arizona.   

Section 1.1 Overall Goal 

 The overall goal of the plant proposed in this report is to produce fuel grade ethanol from 

raw sorghum.  There are several sub-objectives that will pave the way to this final goal.  First, 

high yields of sweet juice need to be extracted from the harvested sorghum.  Next, the sugar in 

this juice will be transformed to ethanol using a fermentation process.  The penultimate step in 

the proposed plant is the distillation of the ethanol to a purer form.  Finally, a molecular sieve 

will remove water from the product to create pure, 100% ethanol.  In accomplishing each of 

these smaller goals, the all-encompassing overall goal of the project is also realized.  To make 

this plant as financially viable as possible while striving for these goals, efficiency and 

sustainability have been integrated into the design wherever possible.   

 This plant is designed to be more than just a pilot scale facility.  As such, 500,000 gallons 

of fuel grade ethanol will be produced every year.  This amount certainly will not make a dent in 

the global demand for fuel but that is not the purpose of the plant.  The proposed plant should be 

thought of as an intermediate between a full scale fossil fuel refinery and a pilot scale renewable 

energy facility; it is a new model for other companies to emulate.  The term “fuel grade” implies 

that there is no water remaining in the ethanol and, as mentioned above, the final product is pure 

ethyl alcohol.  In addition to the main product, there are two secondary by-products that can also 

be sold to improve the economic outlook of the plant.  The first by-product is a sorghum and 
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yeast combination that can be sold to farms as livestock feed.  This process produces 390,000 kg 

of the combined mash each year.  The second by-product is a dry biomass that remains after the 

sweet juice is extracted from the sorghum stalk.  Nearly eighty million kg of this dry biomass is 

produced each year.  These three products, one main and two secondary, are all sold to make this 

plant economically feasible.   

Section 1.2 Current Market Information 

 The uses of fuel grade ethanol derived from sorghum are identical to those of ethanol 

from other sources.  Blended with regular octane fuel, sorghum ethanol can be used to power 

motor vehicles.  The most common and widely known of these blends are E10 (10% ethanol and 

90% gasoline) which can be used in every automobile and E85 which can only be used in Flex 

Fuel Vehicles that have been specially outfitted for ethanol fuel (American Coalition for 

Ethanol).  It is interesting to note that the website altfuelprices.com finds seven E85 ethanol 

stations in Tucson.  The second use of fuel grade ethanol is as an additive to regular gasoline in 

the form of ethyl tertiary butyl ether (ETBE).  ETBE is used to oxygenate gasoline and make it 

burn cleaner.  As research of biofuel continues, new and innovative uses of ethanol will come to 

light.   

 According to a 2010 article by Ethanol Producer Magazine, 29% of the world’s sorghum 

harvest is being used for ethanol production.  They also projected that figure to rise to 50% by 

the end of 2011.  The United States is the world’s largest producer and consumer of ethanol from 

sorghum.  The majority of ethanol from sorghum in the US is produced in Texas and Kansas, 

labeled “tier one” states.  Colorado, Missouri and Arizona follow closely behind as “tier two” 

states while the remaining states are “tier three” (Ethanol Producer Magazine).  The Organization 

for Economic Co-operation and Development (OECD) estimates that 29,000,000 gallons (1.67% 

of the total liquid fuel supply) of ethanol will be produced in 2012 with that number expected to 

increase to 42,000,000 gallons by 2019.  Such aggressive growth suggests that production levels 

are not sufficient to satisfy the current demand.  The current sale price of fuel grade ethanol is 

$1.18 per gallon.  However, this price is sensitive to fluctuations in demand and raw material 

supply so the sale price is a dynamic facet of the economic outlook of this venture.   

 The world’s thirst for energy is steadily growing and will never be satiated.  Therefore, 

the demand for a reliable and sustainable energy source will continue to rise.  Sorghum does not 

have the capacity to replace traditional fossil fuels as the world’s primary source of energy.  
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Combined with other renewable energies, sorghum will help to lessen dependence on fossil 

fuels.  It is for that reason that this plant has been designed.  This plant will not only be on the 

leading edge of an emerging energy frontier, but it also has the capacity to be profitable given 

certain conditions to be discussed later.   

Section 1.3 Project Premises and Assumptions 

 The overarching premise of this project is that raw sorghum stalk can be converted to 

ethanol by a process that includes extraction, fermentation and distillation.  Each of these sub-

processes has inherent assumptions that make it possible to quantify the process.  All of the 

assumptions will be clearly stated here so that they may be scrutinized.   

 The plant is designed to produce 500,000 gallons per year.  It is assumed that this 

quantity of ethanol is large enough so that the facility is considered to be more than pilot scale.  

At the same time, 500,000 gallons only accounts for 0.03% of the world’s liquid fuel supply 

(Organization for Economic Co-operation and Development).  This means that our plant is more 

nimble and process downtime will not drastically affect the world’s fuel supply.   

 In the extraction process, it is assumed that the first extractor is 50% efficient and the 

second extractor is 40% efficient for a total efficiency of 70% (Nan, Lu, and Ma Hongtu, 2012).  

That is, 70% of the sweet juice is extracted from the raw stalk.  In the fermentation process, two 

mathematical models are used to find the required reaction time.  The first model is given in 

Elements of Chemical Reaction Engineering by Fogler and the second model is proposed by the 

Korea Advance Institute of Technology.  The assumption is that these two models are an 

accurate depiction of the necessary reaction time.  A ChemCAD simulation of the distillation 

process claims that a single distillation tower can only provide an ethanol/water mixture that is 

90% ethanol.  The theoretical limit of distillation is 95% but the 90% number is assumed to be 

accurate for a single distillation tower.   The molecular sieve material is to be purchased from a 

company called Delta Adsorbents.  In the specifications sheet, the molecular sieve material is 

said to be able to dry ethanol to less than 1% water.  For the purposes of this project, it is 

assumed that the molecular sieve is able to remove all of the water.   

 Finally, it is assumed that the plant will be built in Southern Arizona.  Southern Arizona 

provides ample sunshine during the growing season and there is sufficient demand in the region 

to accommodate the proposed production.  The bulk of the ethanol will be sold in Pima County 

which has a population of over one million people (Tucsonaz.gov).   Additionally, there are 
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15,000 head of cattle in Pima County as of 2007 (B. William Poole, 2007).  This significant 

cattle population means that there is a market for the dry biomass to be sold as livestock feed.   

 All assumptions made in this report are necessary to design this plant to produce ethanol 

from raw sorghum stalk.  Each assumption is valid and supported by outside sources; a reader of 

this report is able to check and independently confirm every assumption.   
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SECTION 2: OVERALL PROCESS DESCRIPTION, RATIONALE and 

OPTIMIZATION 

 This plant is easily split up into four separate processes: extraction, fermentation, 

distillation and waste management.  The following process description is delineated in the same 

manner.  Each process will be described individually, followed by a process flow diagram and 

tables for that process.  The remaining processes will then follow sequentially.  An overall block 

flow diagram (BFD) and mass balance is presented in Figure 1 to serve as a general map of the 

process. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: Overall mass balance and block flow diagram of sorghum to ethanol process. 

 

 

 

 



9 
 

 

Section 2.1 Overall Process Description 

A. Process Description for Juice Extraction Process- Ex-101 and Ex-102 

The required mass of sorghum stalks to produce 500,000 gallons of 95% ethanol in one 

year was calculated to be about 106,000,000 kg. This calculation is explained in Appendix A.4. 

From this value, the mass flow rate of sorghum stalks is calculated to be 37,000 kg per hour 

assuming the plant runs for 24 hours a day for 120 days per year. It is assumed that the stalks are 

stripped when they are harvested in the field. Due to this assumption, the stalks are fed from a 

conveyor directly to the first extractor. Transformers Inc. have chosen to perform the extraction 

using a series of two, 3-roller extractors to increase efficiency (Nan, Lu and Hongtu; Nimbkar et 

al.). The PFD and stream table of the extraction process is shown below in Figure 1.1 and Table 

1.1 respectively. The juice is collected from the first extractor and sent directly to a reactor. The 

stalks from the first extractor are sent to the second extractor for a second pass through the 3-

roller system. The juice is collected from the second extractor and also sent to the reactor. The 

total flow rate of sorghum juice sent to one reactor was calculated for a reactor fill-time of 10 

hours to be about 8,200 kg per hour. The squeezed stalks are sent to the dryer and ground in 

preparation to sell as an additive in animal feed.  

     Once the juice is sent to the reactor it is fermented and preserved concurrently. The 

preservation technique uses sodium metabisulfite at a concentration of 50 mg/L (Lekkas et al.; 

Mendoza and Farias). This requires 4.1 kg of sodium metabisulfite per reactor, which is added 

prior to filling.  

     The energy requirements for the pumps and extractors are reported in Tables 1.2 and 1.3. 

P-103 from Figure 1.1 (the centrifugal pump used to pump sorghum juice from the first extractor 

to the reactor) consumed the most energy with 37.45 kW. The extractors used about 26 kW of 

energy each. The total electricity usage is recorded in Table 1.4 as 333,000 kW-hr per year.  
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A.1 Process Flow Diagram for Extraction Process 
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Figure 2.2: Process Flow Diagram for sweet sorghum juice extraction
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A.2 Stream Table for Extraction Process  

Table 1.1. Stream Table for Extraction Process 

Section 

1 

Stream 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 

Mass Flowrate 

(kg/hr) 
36,700 36,700 30,850 5,860 30,850 28,500 2,340 28,500 

Vol Flowrate 

(m
3
/hr) 

- - - 5.58 - - 2.23 - 

Temperature (K) 298 298 298 298 298 298 298 298 

Pressure (bar) 1.0 1.0 1.0 1.5 1.0 1.0 1.5 1.0 

Vapor Fraction 0 0 0 0 0 0 0 0 

Component 
        

Juice (kg/hr) 11,700 11,700 5,860 5,860 5,860 3,510 2,340 3,510 

Biomass (kg/hr) 25,000 25,000 25,000 - 25,000 25,000 - 25,000 
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A.3 Equipment Table for Extraction Process 

Table 1.2. Equipment List- Pumps 

Pump P-101 A/B P-102 A/B P-103 A/B P-104 A/B P-105 A/B 

Type Conveyor Conveyor Centrifugal Centrifugal Conveyor 

Mass Flowrate 

(kg/hr) 
36,700 30,850 5,860 2,340 28,500 

Vol Flowrate 

(m
3
/hr) 

- - 5.58 2.23 - 

Number of units 2 2 2 2 2 

MOC 
Stainless 

Steel 

Stainless 

Steel 

Stainless 

Steel 

Stainless 

Steel 

Stainless 

Steel 

Temperature (K) 298 298 298 298 298 

Pressurein (bar) 1.01 1.01 1.01 1.01 1.01 

Pressureout (bar) 1.01 1.01 1.5 1.5 1.01 

Power (kW) 3.68 3.68 37.45 14.96 3.68 

 

Table 1.3. Equipment List- Extractors 

Extractor Ex-101 Ex-102 

Type 3- roller 3- roller 

Mass Flowrate (kg/hr) 36,700 30,850 

Vol Flowrate (m
3
/hr) - - 

Number of units 1 1 

MOC 
Stainless 

Steel 

Stainless 

Steel 

Temperature (K) 298 298 

Pressurein (bar) 1.01 1.01 

Pressureout (bar) 1.01 1.01 

Power (kW) 26.81 25.34 

 

B. Process Description for Fermentation Process 

This reactor system is made up of four batch reactors, R-201 A/B/C/D, with reaction 

times coordinated to simulate a constant flow of product in and out of the fermentation system. 

Each reactor has a volume of 99 m
3
 with a sorghum juice feed rate of 8200 kg/h and an output 

rate of 8300 kg/h. The fluid in the reactor is assumed to be well mixed via recirculation. 

Temperature in the reactor is controlled by a heat exchanger on the recirculation system.  
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The fermentation system receives the fresh sorghum juice into the reactors from the 

extraction process, delivered by pumps P-103 and P-104. The fermentation of the juice is done 

by using the enzyme Ethanol Red (Saccharomyces cerevisiae). The fermentation process starts 

by adding 1 kg of yeast and 4.13 kg of sodium metabisulfite into one reactor. The reactor is filled 

with sorghum juice for 10 hours with an input rate of about 8200 kg/h; nitric acid is added with 

the juice to lower the pH at 32.8 g/h. Once the reactor is full, the pH of the mixture is 4.3 and the 

recirculation system and temperature controls are activated. The reaction is complete 20 hours 

later. 

The process starts with reactor one empty, reactor two is full, containing juice reacted for 

10 hours, reactor three is full, containing juice reacted for 20 hours, and reactor four is full, 

containing juice reacted for 30 hours ready to be emptied out. After 10 hours, reactor one is full 

with 10 hours of reactor time, reactor two has 20 hours of reaction time, and reactor three has 30 

hours of reactor time and is ready to be emptied out, and reactor 4 is empty ready to be filled up. 

Using this method there is always and output stream feeding the distillation system. 

The recirculation system is composed of a pump and a heat exchanger. The pump, P-202, 

moves the fluid to the top of the reactor for mixing. A heat exchanger is also part of this system; 

it is used for temperature control. It can use steam or cooling water depending on the seasons of 

the year and the specified set point of the fluid. 

At the point when the reaction is complete, the mass of yeast has increased to 800 

kg/batch and a total of 5800 kg of carbon dioxide has been produced. The ethanol concentration 

of the final liquid is about 7.3% by mass. The reactor is emptied in 10 hours, and the effluent 

stream is sent to a rotary screen filter. At the filter, 50% of solids are removed (Metcal & Eddy). 

The waste stream from the filter is 25% solids (Ogden) and is sent to the waste management 

process. The stream 2.12, the outlet stream, is mixed with a 1 molar solution of sodium 

bicarbonate via mixing valve to neutralize the pH. The resulting stream from the process, stream 

2-15, is sent to the refining operation for further purification. 

 

In summary the fermentation uses about 8,200 kg of sweet sorghum juice per hour from 

which about 1270 kg/h is several different forms of sugars. The mass of the sugars is converted 
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into 580 kg/h of carbon dioxide, 610 kg/h of ethanol, and 80 kg/h of yeast produced. The process 

yields a stream that has an ethanol content of 8% by mass. 
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B.1 Process Flow Diagram for Fermentation Process 

  

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Process flow diagram of fermentation process 
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B.2 Stream Table for Fermentation Process  

Table 2.1: Stream table for the fermentation process. Note: Streams 2-5 to 2-7 change in mass flow rate as reaction progresses because yeast is 

growing, the values reported are the final values of the streams. 

Stream number 2.1 2.2 2.3 2.4 2.5* 2.6* 2.7* 2.8 2.9 2.10 2.11 2.12 2.13 2.14 2.15 

Temperature (K) 298 298 298 298 311 311 311 311 311 311 311 311 298 298 311 

Pressure (bar) 1 1 1 1 2 1.5 1 1 1 1 1 1.5 1 1.6 1.5 

Vapor fraction 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

Mass flow (kg/hr) 8190 0.53 0.53 0.1 7610 7610 7610 580 7610 160 7450 7450 0.54 0.54 7450 

Component Flow 

(kg/hr)                               

Sucrose 890 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Fructose  250 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Glucose 130 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Water 6920 0.5 0.5 0.0 6920 6920 6920 0.0 6920 110 6810 6810 0.5 0.5 6810 

Ethanol 0.0 0.0 0.0 0.0 610 610 610 0.0 610 10 600 600 0.0 0.0 600 

yeast 0.0 0.0 0.0 0.1 80 80 80 0.0 80 40 40 40 0.0 0.0 40 

Nitric acid 0.0 0.03 0.03 0.0 0.03 0.03 0.03 0.0 0.03 0.0 0.03 0.03 0.0 0.0 0.03 

Carbon diox. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 580 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

Sodium Bic. 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.04 0.04 0.04 
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B.3 Equipment Table for Fermentation Process 

Table 2.2: Equipment tables- pumps 

Pump 

P-201 

A/B   
P-202 

A/B   P-203 A/B   P-204 A/B   

Flow (kg/h) 0.55   7660 

 

0.56   7320   

Fluid density (kg/m3) 990 

 

990   990   990   

Power (kW) 7.5   12.5   7.5   6.2   

Type/Drive Centrifugal/Electric Centrifugal/Electric Centrifugal/Electric Centrifugal/Electric 

Efficiency 0.85   0.85   0.85   0.85   

MOC 316 SS   316 SS   316 SS   316 SS   

Temperature (K) 298   311   298   311   

Pressure (in) (bar) 1   1   1   1   

Pressure (out) (bar) 1.5   2   1.5   1.5   

 

 

Table 2.3: Equipment table- reactors 

Reactor R-201 A/B/C/D 

Temperature (K) 311   

Pressure (bar) 1   

Orientation Vertical   

MOC 316 SS   

Size     

Height (m) 10.29   

Diameter (m) 3.5   

Internals Recirculating fluid 

 

 

Table 2.4: Equipment table- filter. 

Filter F-201 

Temperature (K) 311 

Pressure (bar) 1 

Efficiency 50% 

MOC 316 SS 
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Table 2.5: Equipment table- heat 

exchanger. 

Heat 

exchangers E-101 

Type Floating Head 

Total Area (m
2
) 3.0 

Duty (MJ/h) 94 

Shell   

Temp (°C) 321 

Pres. (bar) 1.5 

Phase Liquid 

MOC 316 SS 

Tube   

Temp (°C) 298 

Pres. (bar) 1.5 

Phase Liq 

MOC 316 SS 

 

Table 2.6: Equipment table- 

valve. 

Valve  V-201 

Type Mixing 

Temperature (K) 311 

Pressure (bar) 1 

Streams 2-12,14 

MOC 316 SS 

 

C. Process Description for Purification Process 

The following description of the purification section of the plant is intended to be read in 

conjunction with Figure 4, the process flow diagram of this process. Detailed information about 

each of the streams is found in Table 3.1. Stream 3.1 enters Section 3 from Section 2 of the plant 

at a mass flow rate of 7446 kg/h.  In this inlet stream, ethanol is 8% by mass.  Stream 3.1 enters a 

distillation tower at tray seven.  The distillate exits the tower as stream 3.2 at a purity of 90% 

ethanol by mass.  A reflux ratio of four is used to send a portion of distillate back to the tower as 

stream 3.5.   
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The portion of distillate that is not sent back to the column enters a desiccator as stream 

3.6.  The desiccator contains a molecular sieve called mSORB EDG which has an equilibrium 

water capacity of 21%.  It is assumed that the desiccant is able to remove the 10% by mass of 

water that exits the distillation tower and the ethanol leaves the desiccator as pure, fuel grade 

ethanol (this assumption is discussed in the Introduction).  A desiccator network is employed to 

ensure that there is always a sufficient amount of dry desiccant so as to not slow production.  

There are three vessels, each of which contains 305 kg of the desiccant.  The first vessel is on-

line and receives the overhead product from the distillation tower at a rate of 640 kg/hr.  Fuel 

grade ethanol exits the on-line vessel as stream 3.10.  When this first desiccator is saturated with 

water, it is rotated to a recharge dryer where the water is expelled and the desiccant is ready to be 

used again.  The heat of adsorption of the desiccant is assumed to be equal to the heat that must 

be supplied by the dryer to regenerate the desiccant.  At any given time, there is one desiccator 

on-line, one recharging in the dryer and a third is on standby, ready to be used in the event of an 

emergency.   

 In summary, the purification process takes the water and ethanol mixture that emerges 

from the fermentation process as 8% ethanol by mass and produces 100% fuel grade ethanol.  A 

distillation tower in series with a molecular sieve accomplishes this separation.   
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C.1 Process Flow Diagram for Purification Process 
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Figure 2.3: Process Flow Diagram for purification including distillation and molecular sieve 
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 C.2 Stream Table for Purification Process 

Table 3.1 Stream table for Purification Process 

Section 

3 

Stream 3.1 3.2 3.3 3.4 3.5 3.6 3.7 

Mass Flowrate 

(kg/hr) 
7446 4487 4487 4487 2564 641 6765 

Temperature 

(K) 
311 351 351 351 351 351 360 

Pressure (bar) 1.5 1 1 1 1 1 1 

Vapor Fraction 0 1 0 0 0 0 0 

Component 

(kg/hr): 
              

Sucrose 0 0 0 0 0 0 0 

Fructose  0 0 0 0 0 0 0 

Glucose 0 0 0 0 0 0 0 

Water 6807 1602.5 1602.5 1602.5 256.4 64.1 6742.9 

Ethanol 599 2884.5 2884.5 2884.5 2307.6 576.9 22.1 

yeast 40.3 0 0 0 0 0 0 

Nitric acid 0 0 0 0 0 0 0 

Carbon dioxide 0 0 0 0 0 0 0 

Sodium 

Bicarbonate 
0 0 0 0 0 0 0 
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Table 3.1 Continued Stream table for Purification Process 

Section 

3 

Stream 3.8 3.9 3.10 3.11 3.12 

Mass Flowrate 

(kg/hr) 
22.1 6742.9 576.9 64.1 64.1 

Temperature 

(K) 
373 369 351 351 373 

Pressure (bar) 1 1 1 1 1 

Vapor Fraction 1 0 0 0 0 

Component 

(kg/hr): 
          

Sucrose 0 0 0 0 0 

Fructose  0 0 0 0 0 

Glucose 0 0 0 0 0 

Water 0 6742.9 0 64.1 64.1 

Ethanol 22.1 0 576.9 0 0 

yeast 0 0 0 0 0 

Nitric acid 0 0 0 0 0 

Carbon dioxide 0 0 0 0 0 

Sodium 

Bicarbonate 
0 0 0 0 0 

  

  C.3 Equipment Tables for Purification Process 

Table 3.2 Equipment List- Pumps 

Pump P-301 A/B P-302 A/B 

Type Centrifugal Centrifugal 

Mass 

Flowrate 

(kg/hr) 

4487 576.9 

Number of 

units 
2 2 

MOC 
Stainless 

Steel 

Stainless 

Steel 

Temperature 

(K) 
351 351 

Pressurein 

(bar) 
1 1 

Pressureout 

(bar) 
1 1 

Power (kW) 1 1 
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Table 3.3 Equipment List- Heat Exchangers/Dryers 

Unit E-301 E-302 E-303 

Description of unit Condenser Reboiler 
Desiccant 

Dryer 

Number of units 1 1 1 

Mass Flowrate 

Through Unit 

(kg/hr) 

4487 6615 64.1 

Temperaturein (K) 355 360 351 

Temperatureout (K) 351 369 373 

Pressurein (bar) 1 1 1 

Pressureout (bar) 1 1 1 

Power (kW) 3011 3463 268 

 

Table 3.4 Equipment List- Towers 

Tower T-301 

Description of unit Distillation 

Number of units 1 

Number of stages 14 

Type of stage Valve 

Height (m) 9.5 

Diameter (m) 2.15 

Mass Flowrate into 

unit (kg/hr) 
7323 

Temperaturein (K) 311 

TemperatureD (K) 355 

TemperatureB (K) 360 

Pressurein (bar) 1.5 

PressureD (bar) 1 

PressureB (bar) 1 

 

D. Process Description for Waste Management Process 

For this particular facility, waste management includes the handling of products and 

byproducts that must be sold to distributors or stored on site in the event of a lack of clients 

(excluding storage of ethanol, it is assumed that the ethanol will be sold immediately).  This 

process begins with stream 4.1 which is the juice extracted stalk from the extraction process; 
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from here it is conveyed to a storage unit.  An additional feed from the fermentation process is 

wet yeast which is entering in from stream 4.4; it too is being stored in the storage unit 

designated for wet biomass (V-401).  From V-401 the wet biomass is stored for about two 

weeks.  After this two week delay, it is sent to a dryer (E-401).  This two week storage cycle is 

utilized to cut back on the time the dryer has to be running, which will be discussed in full in the 

waste management rationale section 2.2 D.   

The flow rates into the dryer in stream table 4.1 may be counterintuitive since they 

convey more mass than what is fed to the process.  However, the reason for this is that the feed 

stream 4.1 is being stored for two weeks and then is forced through the dryer in three days.  The 

minor halt in the process, as mentioned previously, is to reduce the amount of energy (electricity) 

that is required for the dryer (Appendix C.4-Raw Materials-Utilities).  In summation the dryer 

and grinder will only run for three days every two weeks for 24 hours a day, in total, eight cycles 

will be run in the four months of production. 

Once the stalk biomass has exited the dryer (E-401), it will be fed into a grinder (EX-

401).  This grinder will be a roller mill; this is the type of grinder Perry’s Handbook suggested 

for this particular process.  After it exits the grinder, it will be stored in a barn (V-402). The wet 

yeast will be conveyed separately, avoiding the grinder since it is already small in size and can 

be sold as is.  
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D.1 Process Flow Diagram for Waste Management Process 
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Figure 2.4: Process Flow Diagram for waste management process
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D.2 Stream Table for Waste Management Process  

Table 4.1. Stream Table for Extraction Process 

Section 

4 

Stream 4.1 4.2 4.3 4.4 4.5 

Mass Flowrate 

(kg/hr) 
28,500 142,500* 139,000* 675* 188 

Temperature (K) 298 298 298 298 298 

Pressure (bar) 1.0 1.0 1.0 1.5 1.0 

Vapor Fraction 0 0 0 0 0 

Component 
     

Juice (kg/hr) 3,500 17,104 14,000 169 169 

Biomass (kg/hr) 25,000 125,400 125,000 506 19 

*These values are counterintuitive, but are due to the pause in the process for storage and minimizing the yearly 

energy use of the dryer. 

D.3 Equipment Table for Waste Management Process 

Table 4.2 Equipment List- Dryer 

Dryer E-401 

Type Batch Tray 

Area (m
2
/cycle) 154,650 

Duty (kW) 1080 

 

Table 4.3 Equipment List- Conveyers 

Conveyer 

P-401 

(A/B) 

P-402 

(A/B) 

P-403 

(A/B) 

P-404 

(A/B) 

P-405 

(A/B) 

Flow (kg/hr) 28,500 142,500 139,000 675 188 

Fluid Density (kg/m
3
) -- -- -- -- -- 

Power (shaft) (kW) 3.68 3.68 3.68 3.68 3.68 

Type/Drive Conveyor Conveyor Conveyor Conveyor Conveyor 

MOC -- -- -- -- -- 

Temp. in (K) 298 298 298 298 298 

Pres. In (Bar) N/A N/A N/A N/A N/A 

Pres. Out (Bar) N/A N/A N/A N/A N/A 
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Table 4.4 Equipment List-Tanks 

Tanks V-401 V-402 

  Storage Storage 

Temp. (K) 298 298 

Pres. (Bar) 1.0 1.0 

Orientation N/A  N/A 

 

Table 4.5 Equipment List- Grinder 

Grinder EX-401 

Type Roller Mill 

MOC Stainless Steal 

Duty (kW) 25 

 

E. Overall Utilities Table 

Table E.1: Overall Utilities for the Facility 

Utility  Amount Units Base Cost Units Reference Annual Cost 

Steam 4,200,000  m
3
/yr 0.2 $/m

3
 (Seider et al.)  $          840,000  

Cooling Water 2,500 m
3
/yr 0.02 $/m

3
 (Seider et al.)  $                  50  

Electricity 11,300,000  kW-hr/yr 0.06 $/kW-h (Seider et al.)  $          680,000  

 

Table E.2: Raw Materials required for scenario 1. 

Yearly Raw 

Materials 

Flow 

Rate Units 

Base 

Cost Units Reference Annual Cost [$] 

Sweet Sorghum 

Seeds 1.98 lb/acre 8.50 $/lb 

(Mississippi State 

University)  $            318,000  

Fertilizer 100 lb/acre 53.91 $/acre (Slack)  $            216,000  

Yeast 80 kg/yr 3.81 $/lb (Bulk Foods)  $                   670  

Sodium 

Metabisulfite 50 mg/L 250 $/ton (Chemical World)  $             281,000  

Desiccant 1000 kg/yr 6.07 $/kg (DeltaAdsorbents)  $                 5,500  

Nitric Acid 58 L/yr 19.21 $/L (Grainger)  $                 1,100  

Sodium Bisulfate 126 kg/yr 0.036 $/g (Grainger)  $                 4,500  
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Table E.3: Raw materials Required for scenario 2 and 3 

Refrigeration Transportation 

Yearly Raw 

Materials Flow Rate Units Base Cost Units Reference Annual Cost [$] 

Sweet Sorghum 

Crop* 

         

105,718,138  
kg/yr  $    1,213,595  $/yr 

(Mississippi State 

University) 
 $         1,213,595  

Yeast 80 kg/yr 3.81 $/lb (Bulk Foods)  $                   671  

Sodium 

Metabisulfite 50 mg/L 250 $/ton (Chemical World)  $            281,143  

Desiccant 1000 kg/yr 6.07 $/kg (DeltaAdsorbents)  $                5,547  

Nitric Acid 58 L/yr 19.21 $/L (Grainger)  $                1,114  

Sodium 

Bisulfate 126 kg/yr 0.036 $/g (Grainger)  $                4,535  

*This price is estimated by summing the fertilizer, water, and seed cost for growing  

  

 

Section 2.2 Rationale for Process Choice 

 Similar to the process description above, this rationale will be split up among the four 

different processes.  Each will be discussed individually. 

A. Juice Extraction Rationale 

A 3-roller system is used for the extraction process based on research into a variety of 

other extraction techniques; this method being superior. The alternative techniques include 

grinding the stalks and collecting the juice, as well as lixiviation, the process of moving the juice 

from the stalk to a liquid in which it is soaked (Cotlear; Nan, Lu and Hongtu). The grinding 

technique does not have an extraction efficiency as high as the roller system, due to its inability 

to distribute an even force along the entire stalk. It effectively squeezes some sections of the 

stalk while grinding, but it also leaves regions that are simply cut and not pressed. The grinder 

also has higher maintenance requirements than the roller press (Nan, Lu and Hongtu). However, 

the benefit of the grinder is that is it lightly easier to operate. The lixiviation process is the most 

complex out of the three techniques. It has a comparable extraction efficiency to the 3-roller 

system, however the retention time for the diffusers is about 50-60 minutes compared to 3-6 

minutes for the rollers (Cotlear). The diffusers also require heat be added to the system to 
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prevent microbial growth during the lixiviation process; since the retention time is so long, 

bacteria can easily grow during that time period. The addition of heat increases the energy 

requirements for the extraction process and consequently increases the cost. Keeping economics, 

ease of operation, and product yield in mind, the double pass 3-roller system is the best option 

for the extraction process.  

Sorghum juice will spoil due to the high sugar content if it is not preserved immediately 

following extraction. Various methods of preservation are available including: high heat 

pasteurization, the addition of antibiotics, high pressure procession or Pascalization, and the 

addition of sodium metabisulfite. The latter of these options is the most economical and 

manageable for this process. Pasteurization requires heating the juice for about 12 hours, then 

cooling it back down prior to entering the fermentation process (Gibbons, Westby and Dobbs). 

To accomplish this, a heat exchanger must be utilized and the purchase price is much higher than 

the cost of sodium metabisulfite. Additionally, pasteurization is not ideal due to the introduction 

of a time delay to prior to fermentation.  

Antibiotics such as penicillin and virginiamyacin are commonly used for the preservation 

of sorghum juice (Steffen Appendix G.1). A benefit of using antibiotics is that they can be 

directly added to juice in the reactor; no additional piece of equipment is necessary. However, 

antibiotics are far more expensive than sodium metabisulfite. Penicillin would cost over $2,000 

per year where as sodium metabisulfite would cost about $300 per year ("2009 Penicillin 

Industrial Salt Exports Continued to Shrink under the Extension of Industrial Chain"; Öhgren et 

al.). Pascalization is an effective way to preserve food, but it costs about $2M (Hendrickx and 

Knorr). It is usually used to achieve high quality food, and would therefore be unnecessary for 

this process.  

Sodium metabisulfite is advantageous because, like the antibiotic, it is added at the time 

of inoculation; this eliminates the need for extra mixing equipment because it is added directly to 

the reactors (Lekkas et al.). Sodium metabisulfite is used at a concentration of 50 mg per liter of 

sorghum juice (Mendoza and Farias). Due to the low concentration it is not necessary to remove 

the preservative later in the process. The amount of preservative added per reactor is 4.13 

kg(Appendix A.1). Sodium metabisulfite does not have any negative effects on the fermentation 

rate with Saccharomyces cerevisiae. However, it produces the desired antimicrobial effects to 
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keep the juice free of contamination and ultimately preserve it (Mendoza and Farias).Also, as 

indicated above the cost of sodium metabisulfite is low making it the most economical choice.  

 

B. Fermentation Rationale 

The main goal of the reactor system is to keep production of the ethanol constant. The 

reactor system accomplishes this by setting the filling and emptying time equal to each other. 

The use of four reactors is also important because a reactor will be ready for emptying every 

time a reactor is being filled. 

  The sugar content of the juice is 15% where 70% is sucrose, 20% glucose, and 10% 

fructose (Wu X).  The sugar content of the juice is a function of time; the content drops by 12% 

in three days and is halved in two weeks (Wu X) this is the main reason why storage of the juice 

is not recommended. Two models are used to represent the kinetics of the yeast (Appendix A.2) 

both models result in a 25 hr reaction time. This assumes that the yeast is pitched once the 

reactor is completely full. 

In the case the reactor is filled before the yeast is pitched in, the time it would take to fill 

the reactor is time wasted, because during that period of time the fluid is only being transported, 

which does not add any value to the overall process. In order to have a more efficient 

fermentation, the yeast is present in the reactor prior to the fill. Then the 10 hours of filling time 

are assumed to represent the first five hours of regular reaction time. In that case there are only 

20 hours of reaction time still needed to complete the reaction, giving a total of 30 hours reaction 

time.  

Fermentation environments are usually nutrient rich; this has potential to grow other life 

forms such as bacteria or other species of fungi. In order to control the growth of other species, 

two chemicals are added. Sodium metabisulfite is added for juice preservation, and nitric acid to 

lower the pH of the solution to avoid bacterial growth. 

Mixing is necessary to increase the contact between the yeast cells and the sugar 

molecules in the fluid. Due to the large size of the reactors, a propeller is not recommended. A 

recirculation system is used instead. The recirculation systems takes in the fluid at the bottom, 

which is denser due to the weight of the yeast, and feeds it back up though a pipe with 100 holes 

at the top of the reactor. The holes increase the velocity of the fluid which forces mixing. The 

pump is sized to double the speed of the fluid through the holes.  
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The recirculating pipe is attached to a heat exchanger for temperature control. The heat 

exchanger is designed with the capability to heat and cool the fluid for  a range of +/- 10 °C. The 

type of heat exchanger is shell and tube with a floating head for easier access during maintenance 

time. The pump is accompanied with a backup in case of failure. 

Once the reaction is complete there is new yeast mass generated by the fermentation 

process. This amount of yeast does not necessarily need to be removed before is sent to the 

distillation tower. In the case of Pinal energy they do not remove it, but they have three 

distillation columns. The first one is routinely being cleaned to remove solid accumulation. The 

proposed design by Transformers Inc. contains one distillation column. In order to lower the 

frequency of routine cleaning from solid accumulation, a rotary screen is used to reduce the 

amount of solids sent to the distillation column by 50%. This machine, a screen with small holes, 

is used to separate the solid from the rest of the fluid and it is equipped with a pump. The fluid is 

pulled through the screen while 50% of the solids remain on top of the screen. A metallic blade 

is used to scrape off the solids as the screen turns making it a continuous process. 

 

C. Purification Rationale 

 The goal of the purification process is to create fuel grade ethanol by removal of water 

from the product stream.  When first designing the purification process, two attractive systems 

were considered: membrane pervaporation and classic distillation.  Membrane pervaporation is 

not energy intensive but at the same time, research suggests that membrane selectivity decreases 

by 50% when purifying a fermented broth as compared to a binary ethanol-water mixture 

(Kaewkannetra et al., 2011).  Distillation is very energy intensive, often requiring 75% of the 

total energy used for ethanol production (Jorapur and Rajvanshi, 1991).  However, distillation 

can provide a distillate stream that is up to 95% ethanol by mass so this is the purification 

technique that was chosen.  Note that the distillation tower was designed with ample space 

between each of the valve trays so that the column may be opened and accumulated biomass may 

be easily removed.  The equations used to characterize the distillation tower can be found in 

Appendix A.3 and the calculations themselves are found in Appendix C in the D2L locker.   

 A ChemCAD simulation (Appendix E) shows that with a single distillation tower, the 

distillate stream is 90% ethanol by mass.  To be sold as fuel grade ethanol, the azeotrope must be 
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broken and the 10% water by mass must be removed.  Benzene will break the azeotrope but the 

unnecessary addition of carcinogenic chemicals should be avoided if at all possible (Micro-Scale 

Distillation, 2012).  Ideally, fuel grade purity will be obtained with a more environmentally 

benign method. This is easily accomplished with a molecular sieve.  A molecular sieve in bead 

form called mSORB EDG was chosen because it is used specifically for fuel grade ethanol 

purposes (Delta Adsorbents).  The desiccant will be housed in a vessel that will essentially 

function as a desiccator.  There are three such vessels: one is in-line receiving the distillate from 

the tower, one  is regenerating in a dryer and a third   is on standby in the event of an emergency.  

When the in-line desiccant is saturated, that vessel is transferred to the dryer, the standby vessel 

is brought on-line and the regenerated vessel now becomes the standby. 

 In summary, distillation was chosen over a membrane pervaporation process because 

distillation can provide a much purer ethanol product.  Much larger energy requirements are a 

negative consequence of using distillation but are necessary to achieve the desired purity.  A 

molecular sieve was chosen to break the ethanol-water azeotrope instead of using a chemical 

such as benzene.  This decision was made in an effort to be as environmentally responsible as 

possible as well as to create as safe a work environment as possible.   

 

D. Waste Management Rationale 

The waste management process for this site is designed to handle all waste and 

byproducts the facility creates during the four month year.  Each step in the process is able to 

handle expected parameters as well as unusual situations, ranging from excess storage 

requirements to equipment malfunction.  Process four is described from the inlet of the juice 

extracted stalks to the sale of the dry biomass. The PFD for this process is located in section D.1, 

Figure 5. 

The inlet stream to the process is stream 4.1; this stream coincides with section 1, stream 

8.  This stream is estimated to be about 12% moisture based on the assumption that the two step 

extractor is able to fulfill the 70% juice extraction rate, which is described in juice extraction 

rationale (Appendix B.4- Final Inlet and Waste Streams).  The stream is then stored in a storage 

bin for two weeks.  This short halt in the process is to reduce the energy costs associated with the 

usage of the dryer (E-401) as well as the roller mill (EX-401).   
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The two week halt can be assumed to be the longest the wet biomass can sit without 

molding; this assumption is based on the behavior of the wet biomass Pinal Energy stores on 

their facility (Steffen).  The two week store of wet biomass is then pushed through the dryer in 

three days, running 24 hours each day.  This drying cycle is run twice a month for the four month 

year. 

Once the biomass is dried, the biomass from the extractor (EX-401) which is the stalk 

biomass, is sent through a grinder to reduce the particle size.  This is necessary for the stalk since 

it is to be s sold to distributors as an additive in animal feed. The roller mill (EX-401) grinds up 

the stalk from the dryer and conveys it to the final storage unit (V-402).  The mash from the 

reactors that is dried is small enough in size and can be routed around the dryer to the final 

storage unit.  
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SECTION 3: EQUIPMENT DESCRIPTION, RATIONALE and OPTIMIZATION 

Extractor (EX-101 and EX-102) 

The double pass 3-roller extraction system is chosen to maximize extraction efficiency as 

much as possible. One of the limiting steps for this entire process of converting sweet sorghum 

to ethanol is the amount of juice squeezed out of the stalks. There is about 0.267 kg of juice per 

sorghum stalk and the extraction efficiency of the available juice ranges from about 50-92% 

(Teetor et al.; Nan, Lu and Hongtu; Wortmann and Regass). With a single pass through an 

extractor, the typical extraction efficiency is 50%; however, when the extractors are placed in 

series with a 3-roller system the maximum efficiency range increases to 50-70% (Nan, Lu and 

Hongtu). Using this information, an overall extraction efficiency for the 3-roller series system is 

assumed to be 70%. The first extractor is assumed to be 50% efficient, resulting in an efficiency 

of 40% for the second extractor, to achieve an overall efficiency of 70%. The second extractor is 

less efficient than the first extractor because it becomes more difficult to extract the juice as more 

of it is removed. The calculations for the efficiencies of each extractor are in Appendix A.1.  

 

Pumps (P-103, P-104, P-202, P-204, P-301, and P-302)  

The calculations for the centrifugal pump power requirements are detailed in Appendix 

A.1. The power is directly related to the flow rate of fluid through the pump. There is a 0.5 bar 

increase in pressure due to the pump (Seider et al.). This is included to account for any pressure 

loss as the fluid flows though the pump and valves.  

 

Conveyors (P-101, P-102, P-105, P-401, P-402, P-403, P-404, P-405) 

Conveyers are selected to move the biomass to and from each unit operation.  The conveyers 

are relatively inexpensive and do not consume much energy. The conveyors are assumed to use 

consume 3.7 kW of power (Perry). They suffice simply because this part of the process deals 

with biomass that is mostly dry.  The conveyers range in size from 5 to 50 feet depending upon 

the distance between each unit operation.  These two sizes are selected to model both extremes, 

short, as well as long conveyers.  The width of the conveyer is dependent upon industry 

specifications from Sandvik which specifies the width to be 3.4 ft. 
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Reactor (R-201) 

The fermentation of sorghum juice is carried out as a batch process. Continuous 

fermentation was considered but the idea was abandoned due to the high risk of bacterial 

infection and lower ethanol yield. A batch reactor was designed as a pressure vessel type reactor 

meaning that it is required to have pressure relief valves and the use of airlocks due to the 

production of carbon dioxide from the fermentation reaction. Each reactor is equipped with a 

recirculation system consisting of a pump and heat exchanger. A recirculation system is 

preferred over mechanical mixing due to the size of the reactor and the fact that temperature 

control needs to be implemented. The pressure inside of the reactor is not much over 1 bar 

because even though carbon dioxide is being produced the pressure is regulated by the airlocks 

on the reactor.  

The reactors were sized depending on the reaction time and the yearly production 

required. Detail calculations for the sizing of the reactor can be found on Appendix A.2. The 

reactors are designed to have 20% of the liquid volume of empty space; this space allows room 

for gasses and instrumentation. 

 

Heat exchanger (E-201) 

Temperature of the fluid needs to be controlled to assure the proper conversion rate and 

reaction time in the reactor. A heat exchanger is used to control temperature fluctuations of +/- 

10 °C meaning that the heat exchanger can take either cooling water or steam to control the 

pressure accordingly. The fermentation reaction is exothermic therefore the basis of the  design 

for the heat exchanger assumed sorghum juice to be 10 °C higher in temperature, detail 

calculations for the area of the heat exchanger can be found on Appendix A.2. 

Cooling water is used to lower the temperature of the fluid raging from 25 °C to 38 °C. 

The type of heat exchanger is a floating head for easier maintenance of the inside tubes, since 

there are solid particles flowing through, obstructions might be present; these can require 

routine maintenance of the heat exchanger. 

 

Rotary drum screen (F-201) 

In order to separate the solids a couple of options were explored. Batch filtration was not 

feasible due to the filter duration time and the decrease in flow rate. Pressing was also 
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considered but the design was not clear and the process seemed to be too energy intensive for 

this application. The rotary drum screen can handle the flow rates specified by our process. 

 This piece of equipment consists of a rotating screen with spaces 0.001 inches in 

diameter (Metcalf & Eddy), this is called the drum. At the center of the drum there is an 

opening to the equipment pump, this pump generates a vacuum in the middle of the drum 

forcing the fluid through the screen into the pump to the distillation system. Solids accumulate 

on the outer surface of the drum; the drum rotates into a metal blade which scrapes the solids 

attached to it and disposes them into the waste stream toward the waste management process. 

After the blade, the screen is clean enough to process more fluid. The efficiency of this process 

is 50% (Metcalf & Eddy) meaning that only 50% of the solid in the fluid are separated from the 

stream. The rest of the solid accumulates as a solid cake in the distillation tower. 

 

Mixing Valve (V-201) 

A method for neutralization with nitric acid is required to ensure the safety of the 

operator working around the fermentation and neutralization processes. A mixing valve is used 

to mix a one molar solution of sodium bicarbonate with the rest of the fluid. This valve is 

designed to handle pressures of one to two bar. The main concern is the stream containing 

sodium bicarbonate, 2-14, has enough pressure to mix with the ethanol rich stream. 

 

Distillation Tower (T-301)  

 The distillation tower is found in Figure 3 (the PFD of the purification process), the 

equations are found in Appendix A.1.3, and the calculations themselves are in Appendix C (in 

the D2L locker).  According to the ChemCAD simulation (Appendix E), a single distillation 

tower can provide 90% ethanol by mass in the distillate stream.  The actual number of stages, 14, 

was determined using the Fenske equation (A.3.1).  This tower is somewhat different than the 

average distillation column in that it has a relatively large gap of 0.55 m between valve trays.  

This large gap allows an operator to remove biomass that might accumulate on the trays.  The 

0.55 m gap leads to a tower that is 9.5 m tall and the diameter is calculated to be 2.15 m.  These 

are the physical specifications necessary to handle the 7300 kg/hr mass flowrate that enters the 

tower and produces the 577 kg/hr of 90% ethanol by mass.  The reboiler must supply 3463 kW 

to provide the desired separation of the ethanol and water mixture.  This will provide the optimal 
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temperature in the column.  The condenser must supply 3011 kW of cooling so that vapor does 

not enter the reflux drum.  It is important that vapor not enter the reflux drum because this may 

lead to an accumulation of pressure and potentially an explosion hazard (to be discussed further 

in the Section 4).   

Desiccator Vessel (V-302) 

 The desiccant to be used, mSORB EDG, exists in a bead form and must be contained 

within a vessel to be used.  Therefore, a vessel was designed that houses the appropriate amount 

of desiccant as well as the water that is absorbed by that quantity of desiccant.  The vessel has a 

volume of 757 L.  Please consult the “Purification Characterization” Excel file, specifically the 

“Molecular Sieve” tab (found in Appendix C in the locker) for specifics regarding the desiccator 

calculations.  The vessel itself is not innovative but the system of which it is a part was designed 

specifically for the needs of this facility.  Rather than just a single vessel that would need to be 

rotated to the dryer after saturation, causing an appreciable amount of process down time, a three 

vessel system ensures that the process can be run continuously.  Three vessels of equal volume 

are rotated so that one is constantly in-line receiving the distillate stream, one is being 

regenerated and the third is on standby.  This system is optimal because it will allow the process 

to run continuously during production times.   

Desiccant Dryer (E-303) 

 There are two options regarding the saturated desiccant.  One option is to simply discard 

the desiccant material after it is saturated.  It was found that this option would require over 

$5,000,000 of desiccant material to be purchased every year (Appendix C, “Purification 

Characterization” Excel file, “Molecular Sieve” tab).  Not only is this option very wasteful, it is 

also very expensive and thus it was not seriously considered.  The second, more viable option is 

to regenerate the desiccant after it has been saturated.  This is easily done with a dryer.  Detailed 

calculations for this dryer may be found in the “Recharge Dryer” tab of the “Purification 

Characterization” Excel file (Appendix C in D2L locker).  Like the desiccator vessel, this 

recharge dryer has been designed specifically for this facility.  It has been designed to be large 

enough to house the desiccator.  With a volume of 1900 L, the dryer is large enough for the 

desiccator to be physically placed inside.   
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Storage Units (V-401, V-402) 

Once the stalks leave the extraction process (stream 4.1) the conveyer moves the biomass 

to the storage units which are sized based on the maximum volume that will accumulate in two 

weeks of storage.  The volume of stalk is estimated using AquaCalc which is an online food 

mass to food volume converter.  The stalks are modeled as corn meal due to the consistency they 

have after exiting the roller mill (EX-401). 

The dried biomass, both mash and stalk, is stored finally in the last storage unit (V-402).  

This unit is designed to hold all of the biomass the site can potentially create in a year.  This 

specification is necessary in the event that not all of the biomass can be sold, for example if the 

market crashes, a farm in the area decides to move or worst case the farm in the area closes 

down.  Since the dried biomass has a shelf life of one year it is safe to assume this biomass could 

be kept until a suitable buyer is available. Both of these storage units are made from carbon steel 

and are expected to operate at atmospheric pressure (Seider et al.) 

 

Batch Tray Dryer (E-401) 

 This type of dryer is optimal for this process due to the batch style drying.  Since 

Transformers Inc. have designed a process that has a short halt before drying due to the desire to 

minimize electrical costs (Appendix C.4- Raw Materials-Utilities), the batch style dryer is 

optimal because it is designed as a semi-continuous unit made of stainless steel.  Additionally 

this method allows for significant air flow through the bottom of the dryer which increases 

efficiency of the cycle during the allotted run time.  

Roller Mill (EX-401) 

 The roller mill is designed to reduce the size of the stalks exiting the dryer.  This is 

necessary due to the desire to sell the dry biomass to feed distributors and the smaller size is 

more ideal for their purposes.  The roller mill is utilized based on Perry’s Handbooks 

recommendation, which is based on the type of material being processed (corn meal) The mill 

will be constructed out of stainless steel (Table 4.5).  
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SECTION 4: SAFETY/ENVIRONMENTAL FACTORS 

Environmental Impact Statement 

Based on the life cycle assessment (LCA) for the production of ethanol from sweet 

sorghum, the major environmental impacts of this process are projected to be land and water 

usage, CO2 release, utilities consumption, and chemical waste leaching. The renewability 

indicator value is a parameter used to quantify the sustainability of a feedstock; on a scale from 

one to nine with nine being the best. The renewability indicator for sweet sorghum has not yet 

been assessed; however, the comparable use of sugarcane-based ethanol production in Brazil has 

been demonstrated to have an indicator value of 7.9 (Escobar et al.).While this indicator suggests 

a relatively high level of renewability compared to other biofuel sources, the summation of other 

environmental factors illustrates that the sorghum-based process is ultimately not feasible as a 

total gasoline replacement from an environmental standpoint. 

 For this process, land usage has the single largest impact on the environment. At a local 

level, land used to grow and process sweet sorghum for ethanol production replaces the farmland 

available for other food crops. More globally, in order to scale sorghum-based ethanol 

production to a level sufficient to replace a mere 5% of gasoline usage, land use for this process 

would total at least 8% of available arable land in the USA alone (Escobar et al.). This could 

negatively impact current and future world hunger and malnourishment issues (Escobar et 

al.).The price of food increases dramatically when the necessary land for food crop production 

becomes scarce. For example, cereal prices have increased due to the land demands for corn-

based biofuels in the past ten years (Escobar et al.). Food prices will continue to rise as the 

biofuels industry expands. If extraction efficiencies were increased less land would be required 

for the same amount of ethanol production. However, more technological advances are required 

for this to be possible.  

 The release of CO2 during fermentation could contribute significantly to the total global 

warming potential (GWP) of the process. However, Transformers Inc. have negotiated with a 

neighboring plant to implement a CO2 capturing and storing system for the neighboring plan’s 

use. With this system, the plant will not release any measurable CO2 into the atmosphere. The 

transportation of sorghum juice from the farm and extraction site to the fermentation site will 

release CO2, as well as sulfur and nitrogen oxides, due to the gasoline burned by the 

transportation trucks. Figure 4.1 has been developed to show the CO2 emissions of 15 trucks 
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ranging from 50 miles to 200 miles in 50 mile increments. This graph is based on the assumption 

that 0.0089 tons of CO2 are emitted per gallon of gasoline ("Carbon Dioxide"). The maximum 

amount of CO2 that would be released annually due to transportation emissions would be 

approximately 95 tons of CO2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1: CO2 emissions from diesel trucks in 50 mile increments from plant site.  

  

Utility requirements for the entire plant contribute to the environmental impact. The total 

electricity used by this plant is approximately 11,300,000 kW-hr/year. This is equivalent to 

powering roughly 1,900 houses (Silverman) or the Toronto Zoo for one year (Careless). To cut 

down on the electricity usage, solar energy could be considered. However, solar power is only 

profitable if there is a long lifetime for the plant since the start-up costs are expensive. It would 

be difficult to take this plant completely off the grid.  

 Water usage is another concern for the biofuel production. The plant uses 2,500 m
3
/year 

of cooling water. On average, an individual living in Arizona uses or consumes approximately 

120 m
3
/year of potable water (Fabritz-Whitney). Alternatively, the used cooling water could be 

used for local irrigation purposes if the plant site was located near farmland, thus reducing the 

environmental footprint of the plant in terms of water usage. 
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 The environmentally hazardous chemicals used in this plant are minimal. Nitric acid is 

used in small amounts (58 L/year), however if the storage container leaked it could be absorbed 

into the ground. According to the MSDS for nitric acid, it is less harmful after degradation but 

could be a corrosive irritant which could cause damage to humans or sorghum plants if it were to 

enter the drinkable or irrigation water supplies ("Msds: Nitric Acid"). The ethanol product is 

mostly harmless to the environment except for its volatility and some minor negative effects on 

fish populations. Due to the plant location in Arizona, far from any significant water ecosystems, 

the latter of these issues is not a major concern. The flammability of ethanol is an environmental 

hazard if it leaches into the ground and saturates the soil. In this case, any ignition could light the 

ethanol absorbed into the ground and destroy the soil as well as release CO2
 
("Msds: Ethanol"). 

Yeast is used during the fermentation process. The yeast poses no environmental threat unless 

large quantities leak and foster bacterial growth around the plant, and possibly the farm if they 

enter the irrigation water supply. Large amounts of yeast could disturb the ecosystem 

surrounding the plant; however this is unlikely because the yeast will be contained in the reactor.  

Ethanol fuels are generally considered cleaner to burn than ethanol-free fuels. The GWP 

from burning ethanol fuels is about 10% better than traditional fossil fuels. Hydrocarbons and 

CO emissions from cars burning ethanol-containing fuel (with varied compositional levels of 

ethanol) is also less than completely ethanol-free fuel; however, nitrogen oxide (NOx) emissions 

are increased in these same ethanol-containing fuels relative to the completely ethanol-free fuels 

(Niven). 

In conclusion, this process cannot completely replace gasoline as a fuel source due to 

major environmental factors – land requirements, electricity usage, and water consumption. 

However, this process could be used to replace a compositional portion of gasoline. Despite the 

environmental downsides to this process, additional research and technological innovation could 

improve the feasibility of sorghum-based biofuels.  
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Safety Statement 

 

This plant contains several chemicals which require care when handling and storing. The 

chemicals necessitating the most attention are nitric acid, sodium metabisulfite, and ethanol. 

Nitric acid is used in the reactor to maintain the appropriately low pH during fermentation; it is 

used in small quantities, but should be handled with care. Nitric acid should be stored fully 

covered, in a secondary container. The cover is important in case of weather conditions, such as 

rain, which could cause an uncovered container to overflow and the chemical would become 

impure. More importantly, if rain water should enter the nitric acid tank, there will be an 

exothermic reaction wherein a significant amount of energy is released.  Nitric acid is not 

flammable, but it is highly corrosive and is a major skin and eye irritant ("Msds: Nitric Acid"). 

Sodium metabisulfite is introduced into the reactor as a preservative. There are minimal 

chemical hazards for sodium metabisulfite, however one of the main concerns is respiratory and 

eye irritation because it is used in anhydrous form ("Msds: Sodium Metabisulfite"). The powder 

is stored in a sealed container to prevent any excess exposure to moisture.  

The final chemical is ethanol, which is extremely flammable ("Msds: Ethanol"). All 

sources of ignition are to be kept away from the ethanol to remove the potential for explosions. 

These sources of ignition include the reboiler on the distillation column and the dryer. Storage of 

ethanol will be kept away from these pieces of equipment. With any of these chemicals, leaks 

could potentially enter the water supply, leading to significant hazards..  

 The mechanical hazards associated with this process mainly occur in the extractors and 

the grinder. The three roller extraction system has a safety feature which does not allow rotation 

of the rollers when the closure surrounding the system is disrupted in any manner (Sanchez, 

Sanchez and Stemmann). Another safety feature on the extractor is a shut off brake to 

immediately cut power to the systems in the event of an emergency ("Products - Cutter 

Grinder")). Similar safety features are also present on the grinders.  

 The hazard and operability study (HAZOP) for this plant was performed for the extractor 

(Figure 4.2), the reciprocating pump for the reactor (Figure 4.3), the distillation column (Figure 

4.4), and the dryer (Figure 4.5). These main pieces of equipment are essential to ensuring a 

profitable product – ethanol and biomass for feedstock. One key operational concern for all 
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equipment is the necessity for a power supply. If there were a power outage, the plant would shut 

down temporarily until power was restored, causing a lag in production.  

The extractor is the regulator for the rest of the process; the rate of extraction 

immediately influences the filling time of the reactor, but ultimately influences the ethanol 

production rate. If the extraction rollers operate too fast, the extraction efficiency may slightly 

decrease; however, the flow rate of juice into the reactor could subsequently increase. Various 

flow meters are used to ensure reactor overflow does not occur because of an increased flow rate.  

 The main operational hazards associated with the reactor are temperature control and the 

output pressure of the reciprocating pump. If the temperature is too low, the reaction will be slow 

and the juice will not be fully fermented. Alternatively if the temperature is high, the reaction 

might occur too quickly and begin to degrade the fermented juice before purification. One way to 

control temperature is to ensure proper recirculation with the centrifugal pump. The density of 

the fluid determines the pressure output from the reciprocating pump. If the density is high the 

pressure output will be too low, resulting in poor mixing, defective temperature control, and the 

possibility of an incomplete reaction. When this occurs, the velocity settings can be increased, 

thus increasing mixing. If the density is low, the output pressure will be too high; this can also 

create mixing, temperature control, and reaction completion issues. To fix this problem the 

velocity should be decreased.  

 The distillation process is quite involved and has many components which could fail and 

cause the ethanol purity to be compromised. The main concerns are the pressure in the reflux 

drum and the temperature in the reboiler. A buildup of pressure could cause the reflux drum to 

explode, therefore a pressure relief valve is inserted to release excess pressure and prevent the 

drum from bursting. A temperature increase in the reboiler is a major safety concern because too 

much heat has the potential of starting a fire, and high temperatures could severely burn 

operators. Reducing the amount of power supplied to the reboiler will decrease the amount of 

heat produced. The process can also be harmed if the temperature is too low. In such a 

circumstance fluid could build up in the column, causing it to flood and possibly leak. If power is 

increased, more heat would be accumulated, causing the excess liquid to evaporate.  

 A secondary product of this process is dried biomass which can be sold as feedstock. The 

biomass waste is sent through a dryer where the temperature of the dryer is an operational 

hazard. If the stalks are not dried enough due to a low temperature, the feedstock product could 
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become mold-ridden and the batch would need to be discarded. If the temperature was too high, 

the stocks could become excessively dry and combust. The moisture content will be monitored to 

ensure the dryer is working as efficiently and safely as possible.  

 In summary, the most concerning hazards are operational rather than chemical. However, 

after the HAZOP assessment and the implementation of necessary safety measures, the potential 

for danger and injury from equipment operation is at a reasonable and manageable level. If 

particular care is taken with the handling and storage of the chemicals used and produced during 

this process, there should be minimal chemical hazards. With industry-standard equipment and 

safety measures, and few chemical hazards, this overall process is reasonably safe.
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Figure 4.2: HAZOP for the Ex-101 
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Figure 4.2 continued 
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Figure 4.2 continued 
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Figure 4.3: HAZOP for P-202 
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Figure 4.3: HAZOP for P-202 
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Figure 4.4: HAZOP for Distillation Process 
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 Figure 4.4: HAZOP for Distillation Process 
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Figure 4.4: HAZOP for Distillation Process 
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Figure 4.4: HAZOP for Distillation Process 
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Figure 4.4: HAZOP for Distillation Process 
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Figure 4.5: HAZOP for E-401 
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Economic Analysis 

Transformers Inc. has completed a design, explanation and economic analysis for a plant 

that converts sweet sorghum to ethanol.  The economic analysis is only a preliminary 

assessment, as it is subject to the time constraints of the semester.  After an analysis of several 

different scenarios, all of which will be presented in the following section, it is not advisable to 

go into the construction phase of this facility.  Justification for this assessment is discussed in 

detail along with supporting tables and calculations, all of which are explained in full.  

Additionally, Transformers Inc. has noted where the major economic hazards lie in this process, 

and the remedies, if there are any, for these hazards.   

Overall Analysis 

The analysis of this proposed project is split into three major sections found in subsets A 

through C.  Each scenario is unique in its construction and costing details and is looked at 

individually.  The first process assumes the plant purchases land and grows the sweet sorghum 

necessary to provide the plant with the required juice for fermentation and distillation.  The 

second assumes the plant purchases enough sweet sorghum juice to satisfy the flow rate 

requirements, while preventing the juice from beginning the fermentation process within the 

tanker trucks, by transporting the juice in a refrigerated tanker.  The third and final analysis 

assumes the plant purchases the proper amount of sweet sorghum juice, but allows the 

fermentation of the juice to occur in transport.  Each of these scenarios provides several benefits, 

but none are economical for this plant. 

A. Scenario 1 (Appendix C.5-Cost- Misc, Appendix C.5-Final Inlet and Waste Material 

Balance) 

To develop this process, research into plant specifics is required along with growing 

factors, time, water requirements and several other specifics.  The constants for these parameters 

are found in the papers cited.  Land costs, requirements, and feedstock quantities are also found 

in Appendix C.5- Cost- Misc.  Based on these calculations the plant needs an additional 7,700 ha 

of land that is not typically accounted for in the cost of land calculation in Seider, which 

generally speaking is only 20% of the total depreciable cost of the site.  Based on the cost of land 

in Arizona farming land (LandandFarm.com) this will require the facility to pay an additional 
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$13.6 M dollars for land.  Along with the land expense, factors such as fertilizer, seed, and water 

usage must be taken into account and these prices come to a total of nearly $700,000 dollars 

annually.  The specific break down of annual feedstock and utility rates for growing can be seen 

in Table 5.1.   

Table 5.1: Field Costs for Scenario 1 

Field Costs Unit Price Annual Cost 

Sweet Sorghum Seed $8.50/lb  $        318,000  

Fertilizer $53.91/acre  $        216,000  

Water Usage $0.0038/gal  $        160,000  

 

To cut down on this price Transformers Inc. investigated several options that will 

subsidize the crop growing expenses, the two options are; first to utilize the land for a crop 

rotation project, growing barley in the off sweet sorghum season and selling the grain.  The 

second proposal is to rent out the land for another company to cultivate.   

The first proposal of crop rotation, after preliminary calculations, is not economical; the 

major concern with this particular idea is that the amount water needed to grow the barley is 

significantly higher than the dollar amount the plant would obtain at market; this is seen in Table 

5.2.  Due to the extreme discontinuity between cost and sales, this proposal was dropped even 

before the pricing for the barley seeds themselves were calculated.   

Table 5.2: Crop Rotation Scenario for off season income 

Crop Rotation- Barley- NOT ECONOMICAL FOR OUR PROCESS 

  Quantity units Price Unit Cost 

Spring Barley 4000 lb/acre  $  213.00  $/ton  $          8,000,000  

Fertilizer (Required) 140 lb/acre  $      0.30  $/lb  $              805,000  

Tucson Water (Required) 1.74 mm/day  $  0.0038  $/gal  $        14,700,000  

Days to grow 110 days 

  

  

        Total Cost            (7,400,000) 

 

The second idea of renting the land out is economical, simply because the assumption is 

made that the individual or company who rents the field will be responsible for any cost accrued 

during their use.  The price Transformers Inc. decided upon for renting was about $3.13 per acre 

each month; this cost was found in an article discussing Arizona’s farmland rental fees (Blake).  

This proposal yields nearly an additional $240,000 per year to the facility, which offsets the cost 
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of growing by about 35%, therefore the growing process would be losing $456,000 a year for 

these particular costs (Appendix C.5- Cost- Misc.).  It is still imperative to keep in mind 

however, that this cost is only accounting for the feedstock. For a full scale implementation of 

this process other considerations must be taken into account, considerations such as the 

possibility that the crop does not grow optimally which would decrease the volume of juice 

produced and the projected values could become skewed, decreasing profits for this process.   

Due to the marginal benefits investigated with this proposal, Transformers Inc. does not 

feel this overall scenario can be economical, for the reasons listed as well as cost the ethanol 

produced would have to be sold for.  It is seen in Table 5.3 that the price of ethanol would have 

to increase substantially, nearly 25 times, to an unreasonable price, to make the overall NPV a 

positive value after a 15 year plant life expectancy. 

Table 5.3: The price per gallon ethanol would have to be in order for 

the plant to reach specified monetary goals. 

Increase of Price per Gallon 

Plant Sales after 15 years Sale Price Unit 

To Break Even  $     44.37  $/gal 

Profit of $1 M  $     44.86  $/gal 

Profit of $5 M  $     46.80  $/gal 

Profit of $10 M  $     49.24  $/gal 

 

a. Total Capital Investment (CTCI) - Scenario 1 (Appendix C.5- Cost- CTCI) 

To better understand the economics of this process, the total capital investment should be 

reviewed.  This particular cost is a onetime cost that includes building the plant completely 

(Seider).  This includes but is not limited to aspects such as land, allocated costs, the purchase of 

the equipment, and plant startup.  The lower this value is, the better the net present value (NPV) 

will be for the plant. Table 5.4 shows the values accounted for and the final CTCI which for 

scenario one is just over $93 million dollars, the actual equations used to find each value can be 

found in Appendix B. 
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Table 5.4: Total Capital Investment for Scenario 1. 

Total Capital Investment 

CTBM  $    18,670,000  

    

  

Csite  $    2,800,000  

    

  

Cserv  $    3,700,000  

    

  

Calloc  $  27,000,000  

    

  

  CDPI  $  52,300,000  

   

  

  Ccont  $    7,800,000  

   

  

  

 

CTDC  $  60,000,000  

  

  

  

 

Cland  $  14,900,000  

  

  

  

 

Croyal  $                   -    

  

  

  

 

Cstartup  $    6,000,000  

  

  

  

  

CTPI  $  81,000,000  

 

  

  

  

CWC  $    3,500,000  

 

  

  

   

CTCI  $  85,000,000  2006 

        CTCI  $  93,000,000  2012 

 

The largest single cost in the CTCI is the allocated costs at $27 million dollars.  Allocated 

costs account for utility facilities having to upgrade to be able to accommodate (Appendix C.5- 

Cost- Each equipment has individual tabs) the new plant, these cost are attributed to electricity, 

water and steam.  The largest allocated cost this facility has is electricity.  The wattage used is 

large, but it is only a fraction of what power companies can supply.  To verify this large quantity 

Dr. Armin Sorooshian was contracted to confirm that the method was sound (Sorooshian). 

  A unique cost that this scenario contains is the additional cost of land.  In Seider, land 

for the plant is accounted for, but the extra land this process requires must be accounted for 

separately, therefore average farm land costs in Arizona were researched and averaged.   The 

price of land was found (LandandFarm.com) and a final cost of $1785 per acre was calculated.  

With this cost per acre and the land requirement the total purchase cost of the land was found to 

be over $13.5 million dollars, however, this price does includes water rights (Ogden) (Appendix 

C.5- Cost- Misc).   
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b. Net Present Value- Scenario 1(Appendix C.5- Cost- NPV) 

The Net Present Value is another crucial figure to monitor for a facility as well as the 

return on investment (ROI).  This particular design will have a lifetime of 15 years, it has 15 

years to become profitable or at a minimum break even.  Typically, when accounting for pricing 

in the NPV tables the CTCI is split between the first two or three years, which also impacts sales 

for those first few years.  However, since this facility only runs four months out of the year and 

at the end of the year, it was assumed that it could be built within the first year before production 

began, as to not affect the production and sales rates of the first few years.  This method would 

ideally push the plant to be as profitable as possible. Despite several assumptions that push 

Scenario 1 to profitability, it is obvious this process is not economical.  Table 5.5 depicts the 

NPV found for this scenario. 
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Table 5.5: NPV for Scenario 1. 

NPV-For No Transportation 

Year fCTDC CWC D C excl Dep S Net Earnings Undisc. Cash Flow 

Disc. Cash 

Flow 

Interest Rate 

15% 

Cumulative PV 

0 $ (60,000,000) $ (3,500,000) $  3,000,000 $ (30,000,00) $ 19,400,000 $ (13,000,000) $  (73,800,000) $ (73,800,000) $    (73,800,000) 

1 

  

$  5,700,000 $(26,700,000) $ 19,400,000 $ (13,000,000) $  (7,300,000) $ (6,330,000) $    (80,100,000) 

2 

  

$  5,150,000 $(27,300,000) $ 19,400,000 $ (13,000,000) $  (7,850,000) $ (5,900,000) $    (86,000,000) 

3 

  

$  4,600,000 $(27,800,000) $ 19,400,000 $ (13,000,000) $  (8,400,000) $ (5,500,000) $    (92,000,000) 

4 

  

$  4,190,000 $(28,270,000) $ 19,400,000 $ (13,000,000) $  (8,800,000) $ (5,000,000) $    (96,600,000) 

5 

  

$  3,750,000 $(28,700,000) $ 19,400,000 $ (13,000,000) $  (9,300,000) $ (4,600,000) $ (101,200,000) 

6 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,446,355) $ (4,100,000) $ (105,300,000) 

7 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,400,000) $ (3,550,000) $ (108,800,000) 

8 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,440,000) $ (3,100,000) $ (112,000,000) 

9 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,450,000) $ (2,700,000) $ (115,000,000) 

10 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,440,000) $ (2,300,000) $ (117,000,000) 

11 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,450,000) $ (2,000,000) $ (119,000,000) 

12 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,440,000) $ (1,800,000) $ (121,000,000) 

13 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,450,000) $ (1,500,000) $ (122,000,000) 

14 

  

$  3,600,000 $(28,900,000) $ 19,400,000 $ (13,000,000) $  (9,440,000) $ (1,300,000) $ (124,000,000) 

15 

 

$   3,500,000 $  1,800,000 (30,700,000) $ 19,400,000 $ (13,000,000) $  (7,700,000) $  (940,000) $ (124,500,000) 
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c. Sensitivity Study- Scenario 1(Appendix C.5- Cost- Sensitivity Study) 

Transformers Inc. preliminary investigation into how possible it is to force the plant to 

become realistic is in Table 5.6.  These values are calculated by altering the original NPV tables.   

The solver function in excel is utilized by forcing the sales value to yield an overall NPV value 

to the specified profitability, which finds the correct dollar amount that the sales have to increase 

by to obtain the present value (PV) at the end of the 15 year process.  Additionally, the return on 

investment (ROI) is calculated for each variation of scenario one investigated.  The dollar 

amount that the sales must increase by is shown in Table 5.6. 

Table 5.6: Profitability of Scenario 1 

Profitability Sales Cost to 

Achieve Profitability 

($) 

Delta in Sales 

($) 

Return on Investment 

(ROI %) 

Break Even $41,000,000 $21,500,000 6 

Profit of $1 Million $41,200,000 $21,800,000 6 

Profit of $5 Million $42,200,000 $22,800,000 6 

Profit of $10 Million $43,500,000 $24,000,000 7 

 

 Based on this preliminary investigation, this process is far from being profitable, the 

increase in sales is so significant that the only way these dollar amounts could be attained, is if 

the sales of ethanol drastically increased as is seen in Table 5.3.  

B. Scenario 2 (Appendix C.5- Cost) 

As previously stated an analysis of transporting the juice to the facility is also assessed.  

This process has the benefit of assuming that the plant is capable of simply buying the needed 

volume of juice, it is no longer responsible for purchasing the land required for the volume 

needed, or for the supplies needed to cultivate the land.  Based on this assessment, the team 

assumed the cost of purchasing the juice from a potential farmer will be the cost of the supplies 

the team calculated to grow it (i.e. seed costs, fertilizer, and water field water cost).  This totaled 

a purchase price per year of nearly $700,000. However, with this process the price of trucking 

must be factored in.  From the sources found, trucking costs are based on the weight of what is 

being shipped (Ward and Farris) (Appendix C.5- Cost- Transportation).  From the research, the 

average trucking costs is about $3.13 per 100 pounds, so for this particular assessment the price 

per pound was determined and a yearly cost of nearly $9,500,000 was calculated (this cost is 
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calculated with an average weight load of 45,000 pounds).  This cost is only a rough estimate, 

trucking facilities were contacted whose process more closely mirrored the projects, but 

information was not attained by the deadline of this project.   

Further research into this cost should be conducted to integrate any additional costs that 

could possibly produce a sounder estimate, costs such as mileage and truck rentals.  Based on the 

following section Scenario two is not recommended.  Table 5.7 yields the dollar per gallon 

increase that the ethanol would have to have in order to attain the specified NPV value after 15 

years; the increase is exorbitant and not feasible. 

Table 5.7: The price per gallon ethanol would have to be in 

order for the plant to reach specified monetary goals. 

Increase of Price per Gallon 

Plant Sales after 15 years Sale Price Unit 

To Break Even  $       68.34  $/gal 

Profit of $1 M  $       68.82  $/gal 

Profit of $5 M  $       70.77  $/gal 

Profit of $10 M  $       73.20  $/gal 

 

a. Total Capital Investment- Scenario 2 (Appendix C.5 - Cost- CTCI) 

The CTCI for this scenario is much lower than for scenario one, this is due to the lower 

land price, since the additional land is not required.  In this scenario it is assumed that the juice 

required by the facility can be purchased and trucked in to the plant once a week. The largest 

cost for this scenario is again the allocated cost since the amount of electricity does not change 

from scenario to scenario, it is still dominating, and the CTCI table for this process can found in 

Table 5.8. 
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Table 5.8: Total Capital Investment for Scenario 2. 

Total Capital Investment 

CTBM  $  18,600,000            

Csite  $    2,800,000  

    

  

Cserv  $    3,700,000  

    

  

Calloc  $  27,000,000  

    

  

  CDPI  $  52,300,000  

   

  

  Ccont  $    7,900,000  

   

  

  

 

CTDC  $  60,200,000  

  

  

  

 

Cland  $    1,200,000  

  

  

  

 

Croyal  $                   -    

  

  

  

 

Cstartup  $    6,000,000  

  

  

  

  

CTPI  $  67,000,000  

 

  

  

  

CWC  $    4,000,000  

 

  

  

   

CTCI  $  71,700,000  2006 

        CTCI  $  78,900,000  2012 

 

b. Net Present Value- Scenario 2 (Appendix C.5- Cost- NPV)) 

The NPV for scenario two is significantly higher than scenario one, the annual trucking 

costs are responsible for this increase and the cost is compounded due to the refrigeration of the 

trucks that is required to keep the juice from fermenting.  This may be counterintuitive after 

looking at the significantly lower CTCI of scenario two, but within the NPV table the annual cost 

of trucking impacts the final value more significantly than the single cost of land in the CTCI.  

This process would be the most inefficient scenario for this particular facility.  It is important to 

keep in mind, that these trucking costs are preliminary; they do not model the process exactly 

and may vary more on mileage than the papers that were found suggested.  Additionally, the 

NPV is so negative that even with the price of trucking not include the NPV would be too 

negative to make the plant feasible, this can be viewed in Table 5.9.



65 
 

 

 

Table 5.9: NPV for Scenario 2 

NPV- For Refrigeration Transportation 

Year fCTDC CWC D C excl Dep S Net Earnings 
Undisc. Cash 

Flow 

Disc. Cash Flow 

Interest Rate 15% 
Cumulative PV 

0 $ (60,000,000) $(4,300,000) $  3,000,000 $ (41,000,000) $  19,400,000 $ (24,800,000) $    (86,000,000) $   (86,000,000) $    (86,000,000) 

1 

  

$  5,700,000 $ (38,600,000) $  19,400,000 $ (24,800,000) $    (19,000,000) $   (16,600,000) $ (103,000,000) 

2 

  

$  5,150,000 $ (39,000,000) $  19,400,000 $ (24,800,000) $    (19,600,000) $   (14,800,000) $ (117,800,000) 

3 

  

$  4,640,000 $ (39,600,000) $  19,400,000 $ (24,800,000) $    (20,200,000) $   (13,000,000) $ (131,000,000) 

4 

  

$  4,180,000 $ (40,000,000) $  19,400,000 $ (24,800,000) $    (20,600,000) $   (11,800,000) $ (143,000,000) 

5 

  

$  3,750,000 $ (40,500,000) $  19,400,000 $ (24,800,000) $    (21,000,000) $   (10,500,000) $ (153,000,000) 

6 

  

$  3,560,000 $ (40,700,000) $  19,400,000 $ (24,800,000) $    (21,273,498) $   (9,200,000) $ (163,000,000) 

7 

  

$  3,560,000 $ (40,720,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (8,000,000) $ (171,000,000) 

8 

  

$  3,560,000 $ (40,710,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (7,000,000) $ (178,000,000) 

9 

  

$  3,560,000 $ (40,720,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (6,000,000) $ (183,600,000) 

10 

  

$  3,560,000 $ (40,710,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (5,300,000) $ (188,900,000) 

11 

  

$  3,560,000 $ (40,720,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (4,600,000) $ (193,000,000) 

12 

  

$  3,560,000 $ (40,710,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (4,000,000) $ (197,000,000) 

13 

  

$  3,560,000 $ (40,720,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (3,500,000) $ (201,000,000) 

14 

  

$  3,560,000 $ (40,710,000) $  19,400,000 $ (24,800,000) $    (21,300,000) $   (3,000,000) $ (204,000,000) 

15 

 

$  4,300,000 $  1,800,000 $ (43,000,000) $  19,400,000 $ (24,800,000) $    (18,800,000) $   (2,300,000) $ (206,000,000) 
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c. Sensitivity Study- Scenario 2 (Appendix C.5- Cost- Sensitivity Study) 

In an effort to force this process to be profitable, the same method that was used in 

Sensitivity Study- Scenario 1 to obtain a dollar amount for sales was also utilized to estimate the 

profitability options for scenario two.  Additionally Table 5.10 yields the more serious concerns 

this process presents, a drastic increase in the dollar per gallon amount ethanol would have to be 

sold for. 

Table 5.10: Profitability of Scenario 2 

Profitability Sales Cost to 

Achieve 

Profitability ($) 

Delta in Sales 

($) 

Return on Investment 

(ROI %) 

Break Even $53,000,000 $33,500,000 7 

Profit of $1 Million $53,200,000 $33,800,000 7 

Profit of $5 Million $54,200,000 $34,800,000 8 

Profit of %10 Million $55,400,000 $36,000,000 9 

 

C. Scenario 3 

The final scenario evaluated is a model of transporting the juice from a potential famer 

and allowing it to ferment on the road.  In this proposal all the additives for fermentation would 

be added on the farm site, and then shipped to the plant for final fermentation and processing.  

This suggestion weighs heavily on the assumption that fermentation on the road is in fact 

possible. This cost outline is less expensive than the second scenario because refrigerated 

transportation is not required. The cost obtained from an online estimator, Freight Center, 

yielded a cost of $0.01 per pound of material transported (FreightCenter) (Appendix C.5- Cost- 

Transportation). Based on this estimated, the overall cost is $3,200,000 per year.  This cost is 

significantly less than scenario two yet still not economical. Table 5.11 shows the amount that 

ethanol would have to be sold for, for this particular scenario to become profitable. 

Table 5.11: The price per gallon ethanol would have to be in order 

for the plant to reach specified monetary goals. 

Increase of Price per Gallon 

Plant Sales after 15 years Sale Price Unit 

To Break Even  $      51.12  $/gal 

Profit of $1 M  $      51.61  $/gal 

Profit of $5 M  $      53.55  $/gal 

Profit of $10 M  $      55.99  $/gal 
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a. Total Capital Investment- Scenario 3 (Appendix C.5- Cost- CTCI) 

Scenario three’s CTCI is slightly lower than scenario two ($4,000 dollars, which is not 

seen directly due to rounding).  This is attributed to the lower cost in trucking which is accounted 

for in the General Expense table (Appendix C.5- Costs- Production Costs), which is then utilized 

in the equation used to find working capital (CWC).  Working capital is in the final summation, 

with CTPI, to obtain the CTCI.  This difference is insignificant.  Overall this CTCI is nearly exactly 

the same as scenario two as seen in Table 5.12. 

Table 5.12: Total Capital Investment for Scenario 3. 

Total Capital Investment 

CTBM  $  18,700,000            

Csite  $    2,800,000  

    

  

Cserv  $    3,700,000  

    

  

Calloc  $  27,100,000  

    

  

  CDPI  $  52,000,000  

   

  

  Ccont  $    7,900,000  

   

  

  

 

CTDC  $  60,000,000  

  

  

  

 

Cland  $    1,000,000  

  

  

  

 

Croyal  $                   -    

  

  

  

 

Cstartup  $    6,000,000  

  

  

  

  

CTPI  $  67,000,000  

 

  

  

  

CWC  $    4,300,000  

 

  

  

   

CTCI  $  72,000,000  2006 

        CTCI  $  78,800,000  2012 

 

b. Net Present Value- Scenario 3(Appendix C.5- Cost- NPV) 

The major difference in this process versus the other two is the cheaper transportation 

costs.   The process is still more expensive after the 15 year lifespan than scenario one, but it is 

significantly less negative than scenario two by nearly $60 million dollars.  The NPV table for 

this process can be viewed in Table 5.13.
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Table 5.13: NPV for Scenario 3 

NPV- For Ambient Air Transportation 

Year fCTDC CWC D C excl Dep S Net Earnings Undisc. Cash Flow 

Disc. Cash Flow 

Interest Rate 

15% 

Cumulative PV 

0  $(60,000,000)  $(4,300,000)  $  3,000,000   $ (32,700,000)  $19,400,000  $(16,000,000)  $  (77,700,000)  $    (77,700,000) $     (77,700,000) 

1      $  5,800,000   $ (30,000,000)  $19,400,000  $(16,000,000)  $  (10,500,000)  $    (9,000,000)  $    (86,900,000) 

2      $  5,200,000   $ (30,500,000)  $19,400,000  $(16,000,000)  $  (11,000,000)  $    (8,400,000)  $    (95,000,000) 

3      $  4,600,000   $ (31,000,000)  $19,400,000  $(16,000,000)  $  (11,600,000)  $    (7,600,000)  $ (102,900,000) 

4      $  4,000,000   $ (31,500,000)  $19,400,000  $(16,000,000)  $  (12,000,000)  $    (6,900,000)  $ (109,800,000) 

5      $  3,800,000   $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,500,000)  $    (6,200,000)  $ (116,000,000) 

6      $  3,600,000    $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (5,500,000)  $ (121,400,000) 

7      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (4,800,000)  $ (126,200,000) 

8      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (4,200,000)  $ (130,000,000) 

9      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (3,600,000)  $ (133,900,000) 

10      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (3,200,000)  $ (137,000,000) 

11      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (2,700,000)  $ (139,800,000) 

12      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (2,400,000)  $ (142,200,000) 

13      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (2,000,000)  $ (144,200,000) 

14      $  3,600,000 $ (32,000,000)  $19,400,000  $(16,000,000)  $  (12,700,000)  $    (1,800,000)  $ (146,000,000) 

15    $ 4,300,000   $  1,800,000   $ (33,900,000)  $19,400,000  $(16,000,000)  $  (10,000,000)  $    (1,300,000)  $ (147,000,000) 



c. Sensitivity Study- Scenario 3(Appendix C.5- Cost- Sensitivity Study) 

Solver in excel was used to force profitability for this scenario.  Table 5.14 shows the 

increase in the sales that would require this process to become economical.  The only way this 

could be possible is to increase the amount of sales by an exorbitant amount, an amount which is 

not reasonable.  Table 5.14 should be read in conjunction with Table 5.11 as to show the 

extremely infeasibility of the scenario.  

Table 5.14: Profitability of Scenario 3 

Profitability Sales Cost to Achieve 

Profitability ($) 

Delta in Sales 

($) 

Return on Investment 

(ROI %) 

Break Even $44,400,000 $25,000,000 7 

Profit of $1 Million $44,700,000 $25,200,000 7 

Profit of $5 Million $45,600,000 $26,200,000 8 

Profit of %10 Million $46,800,000 $27,400,000 9 

 

D. Economic Hazards (Appendix C.5- Cost- Economic Hazards) 

This facility has several separate unit operations that are designed to work together to 

produce the most efficient method of producing ethanol from sweet sorghum.  An analysis of the 

effect each piece of equipment economically has on the process is important.  The following 

section will be split into three sub sections, significant hazards, moderate hazards, and low 

hazards.   These subsections will contain the unit operations that fall within the preceding hazard 

designation.   

Subsection significant hazard contains pieces of equipment that either have an enormous 

economic impact (greater than or equal to $150,000 per day or flat payout), or if failure occurs 

will shutdown the process.  Moderate hazards include items that have a moderate economic 

impact (less than $150,000 per day or flat payout), and if fail may require a slowing of the 

process but not a shut down. Low hazards include equipment that has a low probability of failure 

and would not impact the pace of production. 

a. Significant Hazards (Appendix C.5- Cost- Economic Hazards) 

Extractors (Ex-101, Ex-102) 

 This process contains two, three roller presses.  These presses take in sweet sorghum 

stalk and squeeze out the juice.  The first press obtains about 50% of the juice available and the 
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second press is slightly less efficient and takes about 40% of the remaining juice.  These two 

presses are vital to the process because they feed the remainder of the plant.  If these presses 

were both to go down, all production would have to halt costing the facility over $160,000 

(Appendix C.5- Costs- Economic Hazards) each day they are out of service.   

In the event only one of the extractors is off line, the process would still be able to run, 

but the reactors would be significantly impacted and production would slow by 20% (the 

percentage of juice remaining that the second pass extrudes from the stalks).  A 20% decrease in 

production is the minimal impact to expect, the dollar amount this would cost the plant is about 

$32,000 each day (Appendix C.5- Costs- Economic Hazards).   

Replacement of the rollers is significant as well.  The first roller costs over $800,000 

dollars (71% of weekly sales) and the second roller about $700,000 dollars (62% of weekly 

sales) (Appendix C.5- Costs- Economic Hazards).  Not only would the cost of replacement have 

to be taken into account but the loss in production determined previously would need to be 

factored in.  If the first roller is down for a week and needs replacement it will cost the facility 

over $1 million (purchase cost plus loss in sales).  If the second roller is out for a week it will 

cost the facility $920,000 (purchase cost plus loss in sales).   

 The facility does not have a way to remedy this problem directly.  It would be ideal if a 

failure did occur that only one of the rollers would be impacted, as to only detract from sales by 

20%.  The other option of adding additional units to the facility as backs up is not economical 

since the purchase cost (CP) of the two presses is over $1.5 million.   

 In order to keep the facility running at 100% the extractors will need to be monitored 

closely in the control rooms as well as in the field by operators.  If an emergency arises, the 

process should be halted and investigated to verify the hazard found will not impact the 

extraction rate.  It is better to halt the process for a few hours then to have to shut down the 

facility for weeks to repair or replacement the units. 

 

Reactors (R-201 A, B, C, D) 

 This plant utilizes four reactors in a semi-continuous process.  These reactors are vital to 

the production of the ethanol; in order to reach the target level of ethanol production, several 

chemicals are added to the reactor to aid in fermentation. If these reactors were to go down, in a 

catastrophic manner, the entire process would have to stop completely; this would impact every 
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other unit operation.  Without the reactors there would be absolutely no product to sell, feed to 

handle, or ethanol to distill, and would cost the plant over $162,000 a day just in loss of sales 

(Appendix C.5- Costs- Economic Hazards).   

 Another concern with this process is that even if one of the four reactors fails the process 

will have to stop.  The way the facility is designed, all four reactors must be in operation to allow 

for a semi-continuous fermentation cycle that lasts 30 hours.  If one tank becomes unusable, the 

juice solution could be kept it the remaining three for an extended period of time; however, the 

process would still have to be halted.  The juice in the reactors would be safe but no additional 

juice could be added. 

 Purchasing additional reactors as backups is not feasible. Each reactor costs over 

$600,000 dollars (54% of weekly sales) and the unit of four is over $2.5 million dollars. One 

option this facility has is require frequent reactor inspections (Appendix C.5- Costs- Economic 

Hazards).  The reactors will have to be inspected several times daily to monitor for cracks or 

leaking junctions.  If any hazards are seen during a walk through, a supervisor must be notified 

of the issue immediately so it can be addressed as soon as possible to avoid impacting production 

rates and large repair costs.   

 

Distillation Column (T-301) 

 The end of the process requires the fermented ethanol to be concentrated in a distillation 

column.  If an aspect of the column were to stop working, affecting the entire unit, the process 

would have to be stopped.  This is because the distillation step concentrates the solution leaving 

the reactors.  If the ethanol water mix leaving the reactors is not distilled, the ethanol will not be 

at the proper standard and will not be able to be sold, therefore impacting sales.  Replacement of 

the column is over $350,000 dollars (31% of weekly sales), so it is not an ideal economic 

solution, constant monitoring of the unit in the control lab as well as in the field is required 

(Appendix C.5- Costs- Economic Hazards). 

 The efficiency of the separation may also become a problem, from either built up on the 

trays, or temperature deviation.  Both of these variants will impact the production of the ethanol 

and are modeled as a direct percent drop in sales.  Table 5.15 displays the dollar amount that 

corresponds to the percent drop in efficiency. 
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Table 5.15: Cost associated with reduction in distillation efficiency. 

Efficiency Decrease Dollar Loss per Week 

25% less  $                40,000  

50% less  $                81,000  

75% less  $              121,500  

 

 The efficiency problem can be fought through the implemented cleaning schedule for the 

column; it will remove build up on the trays inside of the column.  Inspections and monitoring of 

the temperature of the reboiler will have to be conducted by operators. If problems arise, a 

supervisor must be contacted immediately to remedy the situation.  

Again, purchasing a spare column is not an ideal option due to the significant purchase 

price (CP), over $350,000 dollars.  However, if the column failed regularly, for periods longer 

than two to three days, a second tower is not completely unreasonable.  The loss in sales for a 

stopping of production for two days is $324,000 dollars, and for three days is $486,000 dollars 

(Appendix C.5- Costs- Economic Hazards). Since the cost of the facility being out of 

commission (loss in sales) would be made up in nearly two days of production, it could 

potentially be reasonable to purchase a back up tower in the event the column has a difficult time 

staying online. 

 

Heat Exchanger (E-201, Reboiler in T-301) 

 This facility uses heat exchangers in two locations, one is to control the heat inside the 

reactor and the other is a reboiler directly connected to the distillation column.  The heat 

exchangers are significant hazards due to the large impact they have on the reactors and the 

distillation column.  The heat exchanger on the reactor, if not working properly, could possibly 

kill the fermentation process, ruining a batch of ethanol.  Killing a batch would cost the plant 30 

hours in fermentation time and the cost of the sale of that batch, which is over $200,000 dollars.  

To monitor the temperature, a program is monitored and run in the control room 24 hours a day 

by an operator. In the even the heat exchanger stops working the process will be halted until a 

resolution is reached. 

 The second heat exchanger is the reboiler which is affixed to the distillation column.  If 

the reboiler is working inefficiently it will impact the efficiency of the overall column, which is 

addressed in Table 5.15.  To monitor the temperature of the reboiler it will be integrated into the 
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control room and watched by operators. A backup is not necessary for this process because its 

diminished efficiency only reduces the overall yield, which is not ideal, but does not halt 

production. However, if the reboiler were to fail, the column would have to be shut down. This 

would cause an overall shut down of the plant, and an economic impact similar to the one 

discussed for the distillation column. 

 

Dryer- Waste Management (E-401) 

 The dryer is of concern to this particular facility due to its importance in keeping the 

biomass shelf life at a maximum.  If the dryer were to fail completely, two weeks’ worth of 

biomass would either need to be shipped immediately, or it would have to be discarded due to 

mold growth.  If the wet biomass could be sold, it would be sold at a much lower rate, because 

the wet biomass is not as desired as the dry.  If it is assumed a reduction of sale price by 50% 

(Steffen), the plant would lose about $1 million dollars (this is based on a reduction in cost of dry 

biomass, since it a loss in profits from the dry biomass) (Appendix C.5- Cost- Economic 

Hazards).   

However, the dryer is only run three days a cycle and runs for eight cycles, so if it breaks 

there is ample time to get the unit fixed.  Additionally, the wet biomass is a sellable commodity 

so losses would only be decreased if a customer can be found. 

A final major concern with the dryer is if it does not remove enough of the water present, 

if this were to occur, the biomass has the potential to mold and spoil the batch, destroying the 

revenue of that batch. It could potentially ruin other batches if the mold spread through the 

storage barn.  To remedy this, operators will check the moisture content of the exiting biomass as 

well as monitoring the storage barn verifying mold is not growing on any visible stores of dry 

biomass. 

b. Moderate Hazards 

 

Filter (F-201) 

 The filter that follows the reactor process collects the mash, which is predominately the 

yeast left over from the fermentation process.  In the event this broke or was not maintaining 

efficiency, the collection of the wet biomass would decrease, impacting the sales of this product.  

In a year, the reactors produce 429 tons and it is sold for a profit of nearly $29,000, which is less 
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than 1% of the yearly sales (Appendix C.5- Costs- Economic Hazards).  Therefore, the collection 

for process does not significantly impact the facility; the larger concern is the unfiltered particles 

entering the distillation column.   

 The column has been addressed and shown in Table 5.15, the loss in sales based on a 

decrease in efficiency.  Therefore the screen failing would impact downstream economics of the 

distillation column more significantly than it would the products and waste management 

operations.  However, a new filter can be purchased without the shutdown of the facility, as long 

as it is done quickly.  An extra cleaning of the distillation column may be required during the 

filter downtime.  Purchasing a backup filter would not be recommended to prepare for this 

potential failure due to its high purchase cost of $100,000 dollars. 

  

Pumps (P-103, P-104, P-201, P-202, P-203, P-204, P-301, P-302) 

 Pumps are vital to this process and may be thought of as a significant hazard; however, 

Transformers Inc. took the importance of each pump into consideration from the beginning of 

the design.  Each pump that is designed into the PFD of each process has at a minimum one back 

up.  In the event that a pump fails, there is another ready to function.  Replacement costs could 

become expensive; ranging from $8,000 to $64,000 depending upon the process that it is being 

utilized for.  However, the failure of one pump will not impact production rates, the process will 

not have to be stopped. 

 

Conveyer (P-101, P-102, P-105, P-401, P-402, P-403, P-404, P-405) 

 The conveyers are similar to the pumps in design.  In designing the plant, spares were put 

in place for each conveyer used.  The major concerns attributed to the failure of the conveyers 

are minimized from significant to moderate because each has a backup.  In the event that one 

does break, the second will begin to function without a halt in process.  If both conveyers were to 

break, there may be a short halt or slowing in the process, but it would be minimal and should 

not impact the overall process. 

 

Tanks- Dessicator (V-302) 

 The tanks used for the molecular sieve are moderate concerns to the facility.  The reason 

for this rating is they are expensive to purchase and they increase the sale price of ethanol.  If the 
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molecular sieves were to malfunction, the product exiting the distillation column could still be 

utilized for a lower price.   

 There is no specific remediation the site has taken into account for this failure, outside of 

selling the product as a lower grade of ethanol.  To purchase additional tanks is not economical 

for the process since the tanks have a purchase price of $7,000 and the likelihood of a failure is 

low since there are very few mechanical failures possible. 

c. Low Hazards 

 Storage Units (V-401, V-402) 

 The two storage units on the facility store the wet biomass and the dry biomass.  Each of 

these buildings has little to no moving parts, so the likelihood of malfunction is minimal. If one 

unit was completely destroyed the process would not have to be halted, the collection would 

simply have to be diverted to the other storage unit while a substitute building could be found. 

 The building type is not extremely important either, which adds to the minimal impact 

this failure would have.  At Pinal Energy they use a simple barn with three walls and the face 

open to ambient air for both the dry and the wet biomass storage; both products were on the 

ground without a problem (Steffen).  This type of storage is a potential option, in the unlikely 

situation where the storage barns are completely destroyed or removed. 

 

Crusher- Roller Mill (EX-401) 

 The crusher following the dryer is quite expensive at a purchase cost of $412,000 dollars.  

This unit is only used for 567 hours a year and is only used to crush the stalk to a smaller size for 

distribution.  If this piece of equipment were to fail during one of its 8 cycles, it would not be a 

significant problem; the dry biomass could be stored in the storage barn until the unit could be 

fixed.  Additionally, the crusher should not have to be replaced frequently since the frequency of 

use is so low.  Specific remediation for this process is only to reroute the dried biomass to the 

storage unit directly instead of sending it through the grinder first. 

 

Dryer-Recharge of Desiccant (E-303) 

 The desiccant for this process is important because it removes the remaining water out of 

the ethanol water solution leaving the distillation column.  The reason the dryer is on the low 
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hazards list, is because in the event of a complete failure, the facility could simply purchase more 

desiccant.  The cost of desiccant is low enough that to purchase it until the dryer can be fixed is 

not a significant cost.  Additionally, if the dryer were to fail it would not stop production of the 

ethanol. 

 

E. Continued Work to Increase Profitability 

The overall process for each of the three scenarios investigated yields extremely negative 

NPV values pushing the process into the infeasible area. However, since this is just the first 

preliminary costing of the facility there are a number of costing scenarios that could be further 

looked into. They are as follows: trucking, feed distributing, biomass conversion to energy, solar 

energy, and different kinds of crops for crop rotation. 

Trucking is a significant area of uncertainty in this particular plant design.  The trucking 

cost found were found in papers that estimated the cost per pound that is being transported.  The 

problem with this method is it does not take into account the mileage the truck has to go or the 

price for the driver.  Another factor in transportation is the economical differences that arise from 

owning a fleet to contracting another company; finding which is more cost effective in the long 

run could reduce the annual costs the facility has to pay out.  Lastly, if a farm was able to 

concentrate the juice for transport this could reduce the volume that had to be shipped, reducing 

the overall expenses of transport. 

From visiting Pinal Energy, Transformers Inc. learned that it was not economical to 

become directly involved in feed distribution because of licensing and regulations; however, 

since the facility produces such a large volume of biomass, it may be worthwhile to have a side 

plant that produces feed for cattle according to farmer’s requests.  A sensitivity study would have 

to be performed to determine if the costs of production, licensing, and regulation would be less 

than the selling of the feed. 

The largest single cost is allocated costs for energy usage on the site.  This is a onetime 

cost paid to the utility companies for in this particular case predominately electricity usage.  A 

paper was found that described a gasifier that was fueled by leaf bagasse (Jorapur and 

Rajvanshi).  A significant way to bring down the CTCI and utility cost overall would to be to 

produce energy on site that would not have to be obtained from a utility company. If a significant 



77 
 

amount could be produced from this gasifier system, then the overall costs of the facility could 

significantly decrease.   

In a similar vein, if solar power was more accessible and realistic, this facility could 

utilize the ever available sunlight in Arizona.  If the solar energy could produce enough power to 

offset some of the major utility expenses, the overall plant may become more feasible. 

A final economic scenario that could be analyzed is crop rotation of another grain.  

Barley was found to be uneconomical, but mostly because of the water amounts required. If 

another grain could be found that did not require as significant water usage, it could be another 

source of income during the off season of sweet sorghum.  Overall this is a preliminary 

profitability estimate for this particular design; assumptions and estimates may significantly 

impact the actual pricing. Further research should be conducted into the economics of this 

process to attempt to build a facility that can be more financially self-sustaining.  
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SECTION 6: CONCLUSIONS AND RECOMMENDATIONS 

 A limited supply of fossil fuels coinciding with ever increasing global demands for 

energy has created a dire need for a renewable energy source.  Bioethanol is such an energy 

source.  This report outlines a method for the production of fuel grade ethanol from sweet 

sorghum stalk.  Sorghum is preferable over a foodstuff crop, for example corn, because it may be 

used for fuel without deleterious effects on the global food supply. The process for producing 

ethanol from raw sorghum stalk is broken down into three distinct subprocesses: extraction of 

sweet sorghum juice, fermentation of juice to ethanol, and purification of the fermented broth to 

100% ethanol.  The report also discusses the drying of biomass waste, for a total of four 

subprocesses.  Each of the four sections of the proposed facility has been optimized to reduce 

costs and make the process as environmentally benign as possible.   

 There is a good deal of research concerning the extraction, fermentation, and purification 

of sorghum to ethanol, but in some instances, specific details are not available.  In designing this 

plant, when such instances are encountered, generic data or models are relied upon.  For 

example, one of the fermentation models is not specific to fermentation of sugars extracted from 

sorghum, but rather models the fermentation of a binary mixture of sugar and water.  Similarly, 

the ChemCAD simulation of the distillation process is performed using a binary mixture of just 

ethanol and water; minor constituents that would likely enter the distillation column are not 

included in the simulation.  These are two situations wherein generalities are made so that the 

complete process can be modeled more easily.  While these simplifications make it possible to 

design the process, they also affect the accuracy of the design.  There may be some nuances in 

the actual process that are not appreciated in this more straightforward design.  However, none of 

the simplifications drastically affect the outcome of the process and the effect on the economic 

outlook of the facility is negligible.  Therefore, it is concluded that this report is an accurate 

description of the steps required to produce fuel grade ethanol from sorghum stalk.   

 Several other assumptions are made that may introduce some modicum of error in the 

final design.  Most notable among the assumptions are suppositions regarding extraction 

efficiency, reaction time obtained using two mathematical models, and the performance of the 

molecular sieve.  Please find a more complete description of the assumptions in the Introduction.  

All of the assumptions made in this report are supported by peer-reviewed literature and thus are 

regarded as sufficiently transparent.  Any reader who raises questions about the assumptions may 
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investigate the cited research and independently confirm the assumptions.  For that reason, 

Transformers Inc. believes all assumptions are valid. 

 The process will not be recapitulated here but an in-depth description is found in Section 

2 and Section 3.  Similarly, Section 5, the Economic Analysis, discusses the economic outlook of 

the facility in great detail.  The main conclusion to draw from the Economic Analysis is that 

none of the three scenarios are economically viable.  If land is purchased and Transformers Inc. 

grows the sorghum stalk (scenario one), the Net Present Value (NPV) of the plant after 15 years, 

with a nominal interest rate of 15%, is -$ 124,500,000.  If the sorghum juice is purchased from 

an outside vendor and transported in refrigerated tankers to prevent premature fermentation 

(scenario two), the NPV of the plant (15 year lifetime, 15% nominal interest rate) is                     

-$ 206,000,000.  Finally, if the juice is purchased from an outside vendor and allowed to begin 

fermenting during transport (scenario three), the NPV of the plant (15 year lifetime, 15% 

nominal interest rate) is -$ 147,000,000.  Scenario one, in which the necessary land is purchased 

and the sorghum grown by Transformers Inc., is the most economically viable of the three 

options but is still incredibly unprofitable.  The sale of the primary product, ethanol, and 

secondary product, dried biomass, simply is not adequate to offset the initial capital investment 

and annual operating costs.  For that reason, it is recommended that this facility should not be 

built at the present time.  Future advancements in the extraction and fermentation technologies 

could make the economic outlook more favorable so it is also suggested that this design be 

revisited in the event of such advancements.   

 There are some recommendations for future work that may improve upon the results of 

this design.  The current design only employs physical extraction techniques to draw juice from 

the stalk.  As such, the current extraction design is only 70% efficient.  If these physical methods 

are combined with chemical extraction techniques, it may be possible to increase the yield of 

juice from a given mass of sorghum stalk.  The introduction of a new chemical may be less 

environmentally responsible but it would certainly increase the efficiency of the plant.  There is a 

delicate balance between environmental responsibility and profitability that future work may 

seek to reconcile.  Another potential improvement concerns the distillation process.  The current 

design employs just a single distillation tower that can provide 90% ethanol by mass in the 

distillate.  However, the ethanol-water azeotrope is 95% which suggests that a single distillation 

tower is insufficient to reach this theoretical limit.  Adding a second distillation tower in-series 
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with the first will provide 95% ethanol by mass in the distillate.  The second distillation tower 

could be much smaller than the first but it would still have an appreciable installation cost.  But 

with less water in the product stream, less water needs to be removed by the molecular sieve and 

thus the dryer requires less energy to regenerate the desiccant.  Future work could perform a cost 

benefit analysis with respect to this second distillation column.  In summary, the current design 

is believed to be very efficient but future work may find opportunities to increase efficiency and 

thus improve the economic outlook of the proposed facility. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



81 
 

SECTION 7: NOMENCLATURE 

 There is no previously used nomenclature that requires description here.  
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SECTION 9: APPENDICES 

Appendix A.1 

Calculations for Extraction Process 

Efficiency Calculations: 

The total juice extracted from the two 3-roller extractors was calculated assuming an overall 

extraction efficiency of 70% (Nimbkar et al.; Nan, Lu and Hongtu). This calculation is shown in 

equation A.1.1. 

                                                                    (A.1.1) 

The juice extracted from the first extractor was calculated using equation A.1.2. 

                                                                               (A.1.2) 

This value also equaled the juice left in the stalks after the first extraction. The juice extracted in 

the second extractor was found with equation A.1.3. 

                                                                                     (A.1.3) 

To calculate the efficiency of the second extractor, equation A.1.4 was used. 

                         
                            

                                 
   (A.1.4) 

These calculations can be found in the spreadsheet “Extraction&PreservationCalculations 

(Stream)”.  

 

Extractors: 

The power consumption for the extractors was found by extrapolating the values for a cone 

crusher in Table D.1.3. Equation A.1.5 is the derived equation to find the horsepower though 

extrapolation.  

                           (A.1.5) 

Where capacity is the sorghum flow through the extractors in tons per hour. Specific calculations 

are in the spreadsheet “Extraction&PreservationCalculations (Equipment)”. 

 

Sodium metabisulfite: 

Each reactor holds a volume of 21800 gallons and the desired concentration of sodium 

metabisulfite is 50 mg/L. To calculate how much sodium metabisulfite should be added to each 
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reactor the reactor volume was converted to liters, multiplied by 50 mg/L, and converted to kg by 

dividing by 10
6
. When put into one equation the calculation looks like equation A.1.6. 

                   (A.1.6) 

Where m is the mass of sodium metabisulfite required for one reactor, V is the volume of the 

reactor in liters, and Cs is the desired concentration of sodium metabisulfite in kg/L. This 

produced a calculation result of 4.13 kg per reactor. The spreadsheet 

“Extraction&PreservationCalculations (Cost)” shows how this amount was derived. 

 

Pumps: 

All calculation for the pumps were performed using equations extracted from Product and 

Process Design Principles (Seider et al.).  The calculations for the pumps used in the extraction 

process are shown in detail in the spreadsheet “Extraction&PreservationCalculations (Cost)”.  

  

The head, H, was estimated using equations A.1.7 and A.1.8. 

                       (A.1.7) 

                       (A.1.8) 

Where l is the length of the pipe. For P-103 the calculation was as follows: 

                           

The height of the reactor is 34 feet and the assumed horizontal pipe distance from the first 

extractor to the reactor is 25 feet.  

 

The electric motor for the pump was sized using the following parameters. The fractional 

efficiency of the pump, ηP, was calculated using equation A.1.9. This equation is valid for a flow 

rate range of 50-5,000 gallons per minute.  

                  (   )          (   )
     (A.1.9) 

The efficiency for the electric motor, ηM, is calculated with equation A.1.10. 

                (    )          (    )
       (A.1.10) 

Where PB is the pump brake horsepower calculated with equation A.1.11. 

   
   

        
       (A.1.11) 

Finally the motor power consumption, PC, can be calculated with equation A.1.12. 
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      (A.1.12) 

 

Appendix A.2 

 Calculations for Fermentation Process 

A.2.1 Yeast kinetics 

Two models were used to describe the kinetic behavior of the yeast Ethanol red. Both 

models yield similar results in reaction time and ethanol concentration. The first model comes 

from a paper referenced in Fogler’s book (Miller).The second model is from Koreas national 

institute of science and technology, KAIST, (Lee). The main goal of the calculation is to find the 

reaction time and ethanol yield of the process to then design a reactor system with a production 

target of 500,000 gallons per year as a whole plant.  

Both models were put into MATLAB to calculate the reaction time (see Appendix D). 

Both models resulted in a reaction time of 25 hours with an ethanol yield of 8.1% by mass. 

First model (Miller): 

Cell growth 

  

  
 (      )       (A.2.1) 

Glucose consumption 

  

  
     (   )           (A.2.2) 

Ethanol production 

  

  
     (   )      (A.2.3) 
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Rate laws 

        (  
 

  
) 

   

    
      (A.2.4) 

            (A.2.5) 

            (A.2.6) 

Table A.2.1: Parameters for Miller’s model 

Parameter Symbol Value 

Cell concentration (g/L) X n/a 

Sugar concentration (g/L) G n/a 

Ethanol concentration (g/L) E n/a 

Growth rate (g/L.h) rg n/a 

Cell death rate (g/L.h) rd n/a 

Substrate consumption rate for 

maintenance 

(g/L.h) 

rsm n/a 

Minimum levels of ethanol (g/L) E* 93 

Substrate to cell yield (g sugar/g cells) Ys/c 12.5 

Product to cell yield (g Ethanol/g Cells) Yp/c 5.6 

Maximum specific growth rate (1/h) μmax 0.33 

Monod constant (g/L) Ks 1.7 

Death rate constant (1/h) kd 0.01 

Maintenance coefficient 

(g substrate/(g Cells/h)) 

m 0.03 

 

Second  model (KAIST) : 

Cell growth 

  

  
 
       

     
        (A.2.7) 

Glucose consumption 

  

  
 

         

    (    )
      (A.2.8) 
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Ethanol production 

  

  
 
           

    (    )
        (A.2.9) 

Definition of η (growth inhibition) 

  (  
 

    
) (  

 

    
)    (A.2.10) 

Table A.2.2: Parameters for Lee’s model 

Parameter Symbol Value 

Cell concentration (g/L) X n/a 

Sugar concentration (g/L) G n/a 

Ethanol concentration (g/L) E n/a 

Minimum levels of yeast (g/L) Xmax 183 

Minimum levels of Ethanol (g/L) Emax 90 

Cell to substrate yield (g call/g sugars) YX/G 0.109 

Product to substrate yield (g Ethanol/g 

sugar) 

YE/G 0.429 

Maximum specific growth rate (1/h) μG,max 0.401 

Monod constant(g/L) KG 3 

Repression constant(g/L) ki 0.5 

Growth inhibition η n/a 

 

 

The kinetic model assumes that the yeast is pitched in when the reactor is full, in order to 

make the process faster is assumed that the yeast is pitched first. The main assumption here is 

that a filling time of 10 hours with yeast in it is equivalent to the first 5 hours of the reaction 

happening on an already full reactor. This assumption is acceptable because as shown in Fig XX 

the yeast is not doing much on the first 10 hours of reaction, at this point the yeast is on the 

lagging period when it is just starting to wake up. After the reactor is full with yeast another 20 
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hours pass by to make sure the reaction is complete. Using this method the total reaction time is 

30 hours, which should be enough for all the sugar to react. 

The production of carbon dioxide is assumed to be equimolar to the production of 

ethanol. Equation A.2.11 shows the classic fermentation reaction, glucose is fermented into 

ethanol and carbon dioxide. 

                        (A.2.11) 

This reaction yields a mass of carbon dioxide of 580 kg per hour. Also new bio mass is 

generated from the reaction. The final amount is 800 kg per batch and it is calculated from the 

results of the kinetic model. The final production of ethanol is 600 kg per  hour. 

In order to keep bacteria from contaminating the reactors, the reaction proceeds at a pH 

of 4.3. A 1 molar solution of nitric acid is used to reach this pH. The method used to calculate 

the mass of nitric acid assumes that it acts only on the water volume of the reactor. A charge 

balance is useful to calculate the total amount of nitric acid needed. 

[  ]  [   
 ]   [   ]    (A.2.12) 

OH
-
 is negligible at pH of 4.3 

[  ]  [   
 ]            (A.2.13) 

The total concentration can be found using the speciation coefficients (Benjamin) 

[       ]  
[   

 ]

  
  

[   
 ]([  ]    ) 

  
                  (A.2.14) 
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The fluid is neutralized with the use of sodium bicarbonate. The amount of sodium 

bicarbonate used is the  equal amount of moles of nitric acid in the stream. The using the 

volumetric flow rate of the output from the reactor the flow rate of sodium bicarbonate can be 

calculated (see Appendix F, Reactor master sheet, Reactor specs, Sodium bicarbonate section).  

[      ]  [      ]           
           (A.2.15) 

A rotary screen is used to remove a fraction of the yeast in the stream leaving the reactor. 

The amount separated is 50% of the existing solids (Metcalf & Eddy). The yeast separated leaves 

in a stream that is 25% solids (Ogden) therefore some ethanol and water are lost to this process. 

    
        

  
       

        

  
    (A.2.16) 

                           
        

  
 
 

   
    

  

  
    (A.2.17) 

Amount of ethanol to the waste water process 

(        )            
       

  
    (A.2.18) 

A.2.2 Equipment calculations 

To calculate the volume of the reactors the production target rate was used to calculate 

the volume and volumetric flow rate. The filling time and emptying time are the same to emulate 

a constant production process. Once the fluid volume is calculated this is multiplied by 1.2, 

meaning that 20% is added for head space.  

Reactor sizing 
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     (          )
       

   

  

 (A.2.19) 

The efficiency comes from 5% lost at the rotary screen and 10% on distillation. 

Mass flow rate of ethanol 

      
   

  
         

  

   
     

  

  
      

  

  
   (A.2.20) 

Composition of final stream, the sugar content of the juice is multiplied times the ethanol 

yield calculated from the efficiency of the kinetic model. 

     
       

      
      

      

       
       

      

       
               (A.2.21) 

Volume is calculated from the filling time. The density of the juice is assumed to be 1000 

kg/m
3
. 

                      
  

  
      

       

          
  

  

       
          (A.2.22) 

The goal of the mixing system is too keep the yeast concentration uniform in the reactor. 

This is done by spreading the fluid at the top of the reactor. The fluid is delivered to a doughnut 

like pipe at the top of the reactor. The velocities were calculated using a mass balance around the 

holes, a Reynolds number of 10,000 was chosen to make sure the flow is turbulent in the 

recirculation pipe. The velocity is intended to stay constant. The design includes a 5 inch pipe 

with 25 holes of 1inch in diameter; this number of holes keeps the velocity almost unchanged 

(see Appendix F, Reactor master sheet, Reactor specs, Mixing pipe section).  

   
    

 
     (A.2.23) 
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     (A.2.24) 

Mass balance, h is the number of holes. 

               (A.2.25) 

   
    

   
     (A.2.26) 

The temperature control of the process is carried out by a heat exchanger part of the 

recirculation system. The basis to calculate the area of the heat exchanger was the assumption of 

a change in temperature of 10° C higher than the target temperature of 38° C.. 

Energy balance: 

                               (A.2.27) 

 The heat removed from the juice is calculated assuming the heat capacity is constant. The 

temperature of the juice going into the heat exchanger is 48 °C and 38 °C leaving it. 

          ̇             (            )   (A.2.28) 

 The heat to the cooling water depends on the flow rate, the temperatures of the water have been 

determined by using heuristics (Turton). The temperature of the water going into the heat 

exchanger is 25 °C and 38°C leaving it.  

                  ̇           (                )   (A.2.29) 

 To calculate the are heuristics are used again. The heat exchanger factor, F, is chosen to 

be 0.9, and the overall heat transfer coefficient, U, is 850 W/(m
2
.°C) (Turton). 
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                         (A.2.30) 

     
(              )  (              )

(              
)

              

    (A.2.31)  

The area calculated is 3 m
2
 (for sample calculations see Appendix F, Reactor master 

sheet, Reactor specs, Heat exchanger for control section). 

A.2.3 Utilities 

 The mass of cooling water calculated for the design of the heat exchanger was used to 

calculate the total amount of cooling water per year. Since the actual method of usage is 

unknown, meaning that the amount of time that the fluid needs to be heated or cooled is not 

clear, it is assumed that half of the operational hours the fluid is being cooled and the other half 

the fluid is being heated. 

                        ̇                          
     (A.2.32) 

 The amount of steam needed was calculated using the heat of vaporization assuming 

steam enter as a saturated vapor and leaves as a saturated liquid. The total amount of steam 

needed is 2.5million kg/year. 

 ̇      
                    

 ̇             (     )
     (A.2.33) 

The electricity cost was calculated by converting the horsepower values from the pumps 

to kilowatts. All kilowatts requirement were added and the operational hours taken into account. 

The total amount of electricity required is 321,430 kw-h per year. 

                 
  

  
      

  

  
 
    

  
    (A.2.34) 
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Appendix A.3 

 Purification Process Calculation Description 

 The purification of ethanol to fuel grade quality is accomplished with a distillation tower 

and a molecular sieve.  In order to estimate the cost of a distillation tower, several parameters 

must first be determined by hand.  Note that the calculations for the distillation tower can be 

found in the Excel file named “Purification Characterization” on the “Tower Design” tab.  The 

first of these parameters is the minimum number of trays which is calculated by the Fenske 

Equation, Equation A.3.1: 

      
    ((

  
    

) (
    
  

))

    (    )
     (A.3.1) 

The terms XD and XB are the mole fractions of the more volatile component in the distillate and 

bottoms, respectively.  In the separation of ethanol from water, ethanol is the more volatile 

component so these mole fractions are taken for ethanol.  The term αavg is the average relative 

volatility of ethanol to water.  It is reported as an average because there is a different relative 

volatility in the distillate, bottoms and feed.   

 The individual relative volatilities are calculated using the vapor pressure of ethanol and 

water at the appropriate temperature.  The vapor pressure of each component is given by 

Antoine’s Equation, Equation A.3.2: 

       
(  

 

   
)
      (A.3.2) 

The terms A, B and C are parameters that are specific to ethanol and water and can be found in 

many chemical reference sources.  The source used for this calculation is the online NIST 

webbook.  It is the temperature, T, which makes the relative volatilities at the distillate, bottoms and feed 

different.  After the vapor pressure of each component at a given temperature is found, the relative 

volatility is given by Equation A.3.3: 

            
                   
   

                 
               (A.3.3) 
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The geometric mean of these three values is taken and used in the Fenske Equation as αavg.  The 

geometric mean is calculated using Equation A.3.4: 

     (                          )
      (A.3.4) 

With all of these parameters specified, the Fenske Equation gives an Nmin value of 3.86 trays.  

Table 11.14 of Turton Heuristics claims that a 60% efficiency and 10% safety factor should be 

assumed when calculating Nmin.  These two considerations give a new Nmin value of 6.79 trays.  

The actual number of trays, Nactual, is then twice the Nmin value for a final value of 13.58 trays.  

This number is rounded up to nearest integer so the tower is built with 14 trays. 

 Now that the number of trays in the distillation tower is known, the height and diameter 

of the tower is calculated.  These calculations are also found on the “Tower Design” tab.  Table 

11.14 of Turton Heuristics states that there should be a 0.55 m gap between each tray for 

cleaning purposes and there should be an extra 15% of the height added to serve as a liquid 

reservoir at the bottom of the tower.  The height is therefore given by Equation A.3.5: 

              (              )               (A.3.5) 

With 14 trays plus a reboiler, the height of the tower is 9.5 m.  To calculate the diameter of the 

column, the volumetric flow through the tower will be divided by the linear velocity to give the 

cross sectional area of the column, shown in Equation  A.3.6: 

      
                               [

  

  
]

                               [
 

 
]     [    ]

      (A.3.6) 

When the cross-sectional area of the column is known, the diameter is easily calculated.  Table 

11.14 of Turton Heuristics states that the linear velocity through the column may be estimated as 

0.6 m/s.  The volumetric flow through the column is 7830 m
3
/hr which leads to a diameter of 

2.15 m.  

A ChemCAD simulation is used to confirm that this separation is feasible and that the 

system converges.  The simulation shows that indeed the system does converge and a single 

tower can provide a distillate product that is 90% ethanol.  This ChemCAD simulation is also 
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used to find the reboiler and condenser duties.  A further discussion and explanation of this 

ChemCAD simulation can be found in Appendix E.   

Literature states that distillation can produce 95% ethanol by volume (Jorapur and 

Rajvanshi) but for this design, the ChemCAD estimate of 90% is used.  For the ethanol to be 

considered fuel grade, this 10% water must be removed with a molecular sieve.  Calculations 

concerning the molecular sieve can be found in the “Purification Characterization” Excel file on 

the “Molecular Sieve” tab.  The molecular sieve used in this design is called mSORB EDG, a 

product sold by Delta Adsorbents (Delta Adsorbents).   The molecular sieve beads are contained 

in a vessel to create a desiccator-like system.  Each desiccator is loaded with the ethanol/water 

mixture for an hour before it is sent to a dryer to recharge.  The hourly removal of water is 17 

gallons.  The specification sheet of the molecular sieve states that the beads have an equilibrium 

water capacity of 21% by mass.  Converting to volume, the desiccator contains 108 gallons of 

the molecular sieve beads for a total volume of 125 gallons in the desiccator.  The vessel is 

designed to hold 200 gallons as a safety factor.   

Once the desiccant is saturated with water, it must be recharged so that it may be used 

again.  After drying the distillation tower output for an hour, the desiccant is moved to a recharge 

dryer where the water is removed from the beads by evaporation.  The recharge dryer is designed 

as a direct heat rotary dryer with a volume of four times that of the desiccant: 500 gallons or 1.9 

m
3
.  The pricing of the rotary dryer is dependent upon the peripheral area of the dryer.  The area 

is found using the diameter which is calculated using Equation A.3.7: 

          (
        

  (   )
)

 

 
    (A.3.7) 

The L/D term is the length to diameter ratio.  Seider states that a typical L/D ratio is 4 for small 

dryers such as this one.  The diameter is calculated to be 0.85 m and the length is 3.4 m which 

gives a peripheral area of 9 m
2
 as calculated by Equation A.3.8: 

                                    (A.3.8) 

In summary, the distillation tower is 9.5 m tall and 2.15 m in diameter with 14 trays.  The 

distillate from the tower enters a desiccator.  The desiccator is a 200 gallon vessel that holds the 

http://www.deltaadsorbents.com/documents/Delta%20SpecSheet%20%28mSorb%203A%20EDG%29%20-%20Ethanol%20Molucular%20Sieve.pdf
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molecular sieve beads.  After removing the water from the ethanol, the desiccant is sent to a 

recharge dryer where the water is removed by evaporating the water from the beads.  The 

peripheral area of the dryer is 9 m
2
.  All of these calculated parameters are used to price the 

various pieces of equipment.  The pricing of each piece of equipment is found in Appendix B. 

Appendix A.4 

Explanation Calculations-Feed Rates, Field Requirements and Waste Management 

Feed Rate: 

 To being these calculations several papers had to be found ranging from density of the 

juice to growth rates, and a myriad of other constants. Appendix C.4 shows the values obtained 

from the following calculations.   

Transformers Inc. decide our end goal would be to produce 500,000 gallons of ethanol 

per year.  To obtain this quantity several back calculation had to be made through the distillation 

process as well as the fermentation process which are explained in Appendix A.2 and will not be 

restated here.  From the fermentation process, it was found that the required amount of juice per 

year was nearly 34,000,000 kg.  From this the juice required for the process was found through 

Equation A.4.1, 

              
       (                                          )

   
         (A.4.1) 

Eqn. 1 multiplies the number of days by the hours the facility is running by the flow rate per hour 

required to meet the fermentation process needs divided by 0.7 which is the efficiency of the 

extractor.  

Field Requirements 

 Based on the Juicerequired value the number of stalks per hectare can be calculated, from 

(Wu) amount of juice in each stalk is known and is found to be 0.2667 kg per stalk, which allows 

for the number of stalks required per year to be calculated Equation A.4.2, 

               
             

                      
            (A.4.2) 
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Eqn. 2 yields the number of stalks that are required to yield the required amount of juice.  Next 

from Wu, the number of stalks per hectare are given 16500 stalks/ha, and Equation A.4.3 shows 

how the final hectares that are required for the field are found. 

              
              

             
     (A.4.3) 

This requirement was found to be about 7,700 ha.  From the number of required stalks, the 

weight of the whole stalk requirements can be found utilizing the average weight of the stalk, 

0.837 kg/stalk (Teetor).   

                     
             

             
          (A.4.4) 

The rest of the calculations for waste management feed rates and outputs are calculated in 

kilograms based on these values.  Table 1 shows the steps in calculating the inlets to the waste 

management operation. 

 

Table A.3.1: Steps in calculating moisture content in wet biomass. 

Intermediate Steps  

Juice Available 33,737,143 kg of juice 

Actually Extracted 23,616,000 kg of juice 

dry biomass entering 71,980,995 kg of dry mass 

Juice not extracted 10,121,143 kg of juice 

wet biomass leaving extractor 82,102,138 kg of wet mass 

% moisture 12 % moisture 

 

Through the extractor the amount of juice available is higher than what is required since the 

extractor only works at a 70% extraction rate this value is the Actually Extracted value, it is 

simply the Juicerequired value found in Eqn. 1.  Next it is important to have the dry amount of stalk 

entering which is the subtraction between to total weight of stalk going in minus the juice weight 

per stalk, Equation A.4.5, 

                                                              (A.4.5) 



102 
 

Since the extractor is only 70% efficient it is known that 30% of the moisture will make it into 

the waste process, this value can be found through subtracting what is extracted from what is 

available, Equation A.4.6, 

                                                       (A.4.6) 

Finally to obtain the amount that is entering the waste management process is a simple addition 

depicted in Equation A.4.7, 

                                                                      (A.4.7) 

Since the biomass must be dried to 10% moisture as to keep it from molding, the percent 

moisture was then calculated in accordance with Equation A.4.8, 

           (
                   

                             
)              (A.4.8) 

To find the amount of water that must be gotten rid of to bring the moisture content to the 

targeted value, the tool solver in Excel was utilized.  The target cell was the percent moisture, the 

value set to was 10%, and the changing variable was the juice content of the wet biomass, table 2 

shows the outcome, 

Table A.4.2: Solver table to reach 10% moisture. 

Solver to reach 10% moisture   

 Juice (kg)   Dry (kg)   % Moisture  

                                                      

7,997,889  

                          

71,980,995  

                                                  

10  

 Juice to remove  

                            

2,123,254   kg of juice  

 Dry biomass Exiting Dryer  

                          

79,978,884   kg of dry mass  

 

This same method was used to find the moisture content of the wet yeast (mash), table 3 shows 

the outcome. 
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Table A.4.3: Solver to find Mash moisture content. 

Solver to reach 10% moisture- Mash  

Total Mass per year Juice (kg) Dry (kg) %Moisture 

                                                          

388,800  

                                

291,600  

                                          

97,200  75 

                                                          

388,800  

                                  

10,800  

                                          

97,200  10 

Juice to remove 

                                

280,800  kg of juice/yr   

Dry biomass Exiting Dryer 

                                

108,000  kg of dry mass/yr   

 

The sum of the juice to remove from each solver process is the total amount of water that must 

be removed from the mash and the biomass each year.   

Energy Calculations 

 Once these values have been found the energy costs for the process can be calculated.  

The dryer energy costs were solved by using constants from (National Institue of Standards and 

Technology).  The first step was abide by Equation A.4.9, 

                              (A.4.9) 

The constant ∆Hvap and the a, b, c, and d values utilized in Equation A.4.10 solving for Cp were 

given in NIST (National Institute of Standards and Technology) , 

            
           (A.4.10) 

To use this equation, the CP equation must be integrated, the t values put into Kelvins, and then 

these Kelvins divided by 1000 (this is the stipulation NIST gives for this equation) yielding 

Equation A.4.11, 

∫     
  
  

      (A.4.11) 

Eqn. 11 yields the total enthalpy of the system, to find the energy required the ∆Htotal must be 

multiplied by the number of moles of water to be removed.  This is only the energy required, the 

power must also be calculated from this sum, this is where the power consumption saving come 
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into play.  Since the dryer will only be run three days per cycle and have only 8 cycles per year 

the total hours running are only 576 hours.  The total power is found in Equation A.4.12, 

                            (                        )                          

(A.4.12) 

The grinder costs can also be calculated from these flow rates as well as values found in Seider.  

A model of a gyratory crusher was utilized for the grinder simply because the range of tonnage 

was the closest to the tonnage this facility processes.  First the upper limits (UL) and the lower 

limits (LL) of both the flow rate and the horse power were denoted into excel.  To obtain the 

horse power our unique process requires, the value was interpolated based on the actual tonnage 

that passes through this process, Equation A.4.13 shows the interpolation used, 

                              ((                 )  (
                       

                   
))      

(A.4.13) 

This interpolation yields the energy costs, to obtain the power usage for the grinder the Grinder 

Energyactual must be multiplied by the time the grinder is running which is the same amount of 

time the dryer is running, 576 hours. 

                                           (                   )    

(A.4.14) 

After these major energy costs are done, the cost of the conveyers must be calculated as well. 

From Perry’s Handbook we found that an average conveyer utilized 5 Hp, this was then 

converted into the proper units.  The cost of the conveyers was nearly negligible with respect to 

the dryer and grinder. 

Appendix B  

 The economics of this process were mostly modeled after the economics developed by 

Seider.  They will be explained in a sequential order, building upon the start of the process 

through the NPV values. The spreadsheet that fully describes the actual equations is located in 

Appendix B in the group locker labeled cost. 
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Purchase costs (CP) 

 These costs are unique to each piece of equipment, they include costs ranging from size 

to material and many other factors, each piece of equipment will be explained in full in the 

following section. 

Heat Exchanger 

 Several decisions have to be made when pricing a heat exchanger, first what type, in this 

case a shell and tube heat exchanger was chosen, with a floating head, this will allow easy access 

enabling easier cleaning of the equipment. The first equation calculated is the base cost (CB) 

Equation B.1, 

      {              [  ( )]         [  ( )]
 }     (B.1) 

The A is the area where heat exchanging is happening in units of ft
2
, the next step is to obtain the 

CP.  This is found through Equation B.2, 

                 (B.2) 

Where CB was found in Eqn. 15, FP and FM, are found in Equations B.3 and B.4 respectively, 

               (
 

   
)        (

 

   
)
 

            (B.3) 

Where P is the pressure in psig of the shell side. 

     (
 

   
)
 

     (B.4) 

where a and b are a given value based on the material type, for this process it is stainless steel a 

is then 2.70 and b is 0.07.  The value of FL is a factor based on the length of the tubing with the 

factor decreases with the increased length of the tube, therefore Transformers Inc. assumed the 

largest value, as a worst case scenario, yielding a value of 1.25. 
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Pumps 

 Pricing for the pumps includes two separate entities, the pump and then the motor to run 

the pump, first an explanation of the pump itself will be explained through Equation B.5, the 

base cost will be calculated, 

      {             [  ( )]        [  ( )]
 }    (B.5) 

where S given in Equation B.6, 

   ( )          (B.6) 

the Q is the flow rate through the pump in gallons per minute and H is the head in feet.  Once the 

CB for the process is calculated the CP for the pump can be calculated from Equation B.7, 

                    (B.7) 

Where FT and FM are factors that are dependent upon the material of the pump and the type of 

enclosure the pump must have, for this particular process FT is 1, because the enclosure for this 

facilities pumps must be drip proof and the range of horsepower for the pump falls within the 

allotted amount.  The FM value is 2 because the pump will be made from stainless steel. 

The next value for pumps that must be calculated is the motor; this is dependent upon several 

other parameters, the first is Equation B.8, solving for PC which is the power consumption 

factor, 

   
  

  
       (B.8) 

Where PB is the brake power in horse power and ηM is a function of PB and both are defined in 

Equations B.9 and B.10 respectively, 

   
   

        
       (B.9) 

Where Q is the flow rate H is the head is feet and ρ is the density of the liquid through the pump 

in pounds per gallon. ηP is a function of the flow rate and is given in Equation B.11, 
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                 (  ( ))         (  ( ))
 
    (B.10) 

              (  (  ))         (  (  ))
 
               (B.11) 

Once all of these values are found they are inserted into Equation B.12 to solve for the base cost 

CB, 

      {             [  (  )]          [  (  )]
          [  (  )]

  

         [  (  )]
 }    (B.12) 

Once the CB has been calculated the motor purchase cost can be calculated as seen in Equation 

B.13, 

                    (B.13) 

The value of FT is again the type of enclosure that must be used for the motor, for this facility it 

must be explosion proof and fit into the horse power range given in Seider, this value is 1.8.   

Finally to get the entire cost for the pump and the motor the CP for both the pump and the motor 

will be summed in Equation B.14, 

                           (B.14) 

Conveyers 

 The conveyers were priced from Seider, modeled as belt conveyers, Equation B.15, 

                             (B.15) 

Where the value of W was taken from Sandvik an industrial producer of conveyers which was 

3.4 feet, L varied depending upon where they conveyer led, the range was between 5 and 50 feet. 

Tanks 

Three tanks were required for our process to house the molecular sieve. Equation B.16 

for Seider was used to model this, storage tank with a floating head, again to make the tank more 

accessible. 

        
          (B.16) 
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The V is for the volume that the tank holds in gallons. 

Storage Barn 

Two barns are required for this facility, it was modeled as a solids handling bin out of 

Seider, shown in Equation B.17, 

        
          (B.17) 

where S is the volume the barn will be.  The barn was sized to be big enough to hold all of the 

biomass this facility could create in a year in the event that the product does not sell. 

Distillation Column 

Pricing of the column is quite involved, there are several parameters that have to be taken 

into account, the three major costs for the tower are CV, tray costs CT, and added costs of ladders 

and platforms CPL. Equation B.18 shows how the total price will be summed by the thee 

preceding values, 

                      (B.18) 

  The tower costs CV , will be found first.  This equation is decided upon based on the 

total weight of the shell of the column and two heads of the column, which is W. W is solved for 

in Equation B.19 and then used in Equation B.20, respectively, 

   (     )  (      (  )      )               (B.19) 

where Di is the inside diameter of the tower, L is the length of the shell in feet, ts is the shell 

thickness which is given in Seider as 1.25, lastly ρ is the density of carbon steel which is also 

given in Seider as 0.284 lb/ft
3
, another given parameter. 

      {              [  ( )]         [  ( )]
 }   (B.20)  

Next the cost of the trays must be calculated which is dependent on a myriad of factors they are 

as follows; the plates, must be accounted for separately.  This is done through Equation B.21, 

                      (B.21) 
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where    is the number of plates in the tower and FNT is given by Equation B.22 

    
    

        
               (B.22) 

The FTT is dependent upon the type of try that is used in the distillation column, for this report it 

is assumed that the tray type is a valve, which yields a value of 1.18.  Equation B.23 accounts for 

the type of material that is used to construct the plates.  For this design Stainless Steel 316 will 

be used. 

                       (B.23) 

Finally to determine the last variable CBT which is the base cost of the trays Equation B.24 is 

used, it is only dependent upon the inside diameter of the tower which was solved for previously. 

        
(        )            (B.24) 

Lastly, the cost of the ladders and platforms must be calculated this is based on Seider as well 

and is shown in Equation B.25, 

          (  )
        ( )           (B.25) 

Once the CPL is calculated, Eqn. B.21 must be revisited and all the values substituted in. 

Reactor 

The reactors were modeled from Seider as a vertical vessel with a weight parameter 

ranging from 4,200 to 1 million pounds.  First the CV must be determined as is shown in 

Equation B.26, 

      {              [  ( )]         [  ( )]
 }   (B.26) 

where W is calculated the same as it is in Eqn. B.19.  Once the CV has been calculated the CPL 

must be found, this again is the cost of platforms and ladders that are required for the column. 

CPL is found through Equation B.27.  This CPL is different than the distillation column 

calculation because of the size of the vessel, 

          (  )
        ( )                                   (B.27) 
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Once this value has been calculated the full CP can be determined through Equation B.28, 

                 (B.28) 

Extractor 

The extractor at the beginning of our process is a 3 roller extractor, this facility has two to 

increase efficiency of the cycle, to begin pricing the assumption was made that it was similar 

enough to the roll press Seider explains, this is Equation B.29, 

      {              [  ( )]         [  ( )]
 }   (B.29) 

where F is the flow rate through the extractor in pounds per hour. 

Crusher 

The crusher for this facility is utilized after the drying of the biomass and is priced from 

Sieder as a Jet Mill because the range of the mass flow rate fit closest with the range Seider 

specifies, Equation B.30 yields model, 

          
          (B.30) 

the W is this model is the flow rate through the crusher. 

Dryer  

There are two dryers used on this proposed plant they will be solved for separately 

because the models varied slightly depending upon the flow rate requirements and the purpose of 

the dryer, Equation B.31 shows how the dryer for the waste management was modeled, 

                        
         (B.31) 

where the A is the area where the heat exchanging was occurring, this value was assumed 

to be about 154,00 based on the volume that has to enter into the dryer and assuming it would not 

be any thicker than 10 cm. 

The dryer used to recharge the desiccant was modeled after a rotary dryer from Seider, 

Equation B.32 shows this, 
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      {             (  ( ))         (   ( ))
 }           (B.32) 

Where A is the peripheral area in ft
2
. 

Filter 

This facility requires a filter to separate out the yeast from the process this is priced using 

Equation B.33 which accounts for a rotary-drum vacuum type filter, 

      {             [   ( )]        [  ( )]
 }            (B.33) 

Total Bare Module Cost (CTBM) 

Once the CP’s are calculated the total bare module must be accounted for, this cost is a scaling 

ratio that each piece of equipment is multiplied by to account for the cost of getting the piece of 

equipment actually in the building and working, ranging from cement, to paint, to wiring, a 

myriad of extra expenses.  It can be calculated two different ways; one is to break down each 

expense from the field materials, to the equipment settings.  The second method is much quicker, 

it is a value given in Seider; already calculated.  For time and accuracy sake the later is the value 

Transformers Inc. will be using.  Table 4 gives the factors that Transformers Inc. used for this 

factor. 

Table B.1: Factor of Bare Module for each piece of equipment. 

Piece of Equipment Bare- Module (FBM) 

Heat Exchanger 3.17 

Pump 3.30 

Conveyer 1.61 

Tank 4.16 

Storage Barn 3.61 

Distillation Column 4.16 

Reactor 4.16 

Extractor 1.39 

Crusher 1.39 

Dryer 2.06 

Filter 2.32 
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A couple of these pieces of equipment did not have values directly in Seider, the ones that did 

not have a specific value an assumption was made.  For the storage barn an average of both the 

horizontal vessel and vertical vessel was taken since it is not really either, but almost a 

combination of the two.  The distillation column does not have a specific value attached to it 

either but since in the pricing the column itself has to be priced as a vertical tank, the value for 

vertical tanks was chosen. 

Total Capital Investment (CTCI) 

 The total capital investment is imperative to calculate because it is the cost of getting the 

plant up and running in the first year.  This cost is very interdependent upon the entire process, 

but a step by step description will justify each cost. 

 The first cost is the total CTBM, which is the sum of all of the purchase costs after the bare 

module factor, has been multiplied into each piece of equipment.  The next cost is the cost of the 

site, CSITE, this cost includes getting the land ready for the site to be built, it can range from the 

cost of rock blasting to addition of fencing, and this cost ranges between 10% and 20% of the 

CTBM for grassroots facilities, which this plant is.  As an estimation of this cost, an average of the 

two values was taken at 15% of the CTBM. The next value is service to the facility, CSERV, this 

cost includes items for the facility ranging from laboratories for feed, product testing, and 

cafeterias.  This cost ranges on the higher side for grassroots facilities; it is 20% of the CTBM.  

The final cost in this section is the most substantial cost for each of the scenarios presented in 

this report.  This cost is allocated costs, CALLOC, this cost is dependent upon the utilities used on 

the site.  For the facility proposed in this report the utilities included are, steam, electricity, and 

cooling water.  This cost is the payment that has to be made to the utility companies to get the 

piping in place and any additional costs to get the utility needed to the site itself.  According to 

Seider each of these utilities has a different equation that accounts for this expense; table 5 shows 

the equations that were utilized.  Once all allocated costs are calculated for the individual 

utilities, they are summed and the summed value is the overall CALLOC. 
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Table B.2: Allocated Cost equations. 

Utility Size factor (S) Equation to find CALLOC 

Steam Flow rate lb/hr             
               (47) 

Electricity Power MW                   
     (48) 

Cooling Water Flow rate gal/min               
             (49) 

 

The next important cost is the Direct Permanent Investment (CDPI). This cost is the sum of the 

values found previous to it, in other words Equation B.34, 

                                  (B.34) 

From this cost contingent costs (CCONT) can be found, these are costs that account for contractors, 

and outside expenses that the plant may accrue in build up, it is 15% of the CDPI.  The total 

depreciable capital cost can then be found by summing, Equation B.35, the CDPI and the CCONT. 

                    (B.35) 

The CTDC is very important because this cost is the sum of the money will depreciate over 

the years, therefore this is the value most of the calculations in the NPV are based on.  Next the 

CTPI is found, this is the total permanent investment. This is the cost that will be invested in the 

site permanently, Equation B.36, 

                                   (B.36) 

where each term after the CTDC is dependent upon it.  Cost of land to build the plant on (excluded 

extra land for in this case is land for planting, CLAND) is 20% of the CTDC. Royalties (CROYAL) 

have to be paid for any piece of equipment that is unique to a producer and require royalty 

payments.  For this particular facility it was assumed that none of the equipment that is used has 

royalty costs attached to it. Finally start up cost must be accounted for (CStartUp) these costs 

include getting the pieces of equipment up and running, calibration, whatever the equipment 

needs to actually begin pumping fluid or moving mass, it is estimated as 10% of the CTDC.  This 

value can range some if the equipment is state of the art or the process is extremely dependent 

upon another plant of some kind, but this facility does not fulfill either stipulation. 
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 The final summation to reach the CTCI is Equation B.37, 

                  (B.37) 

This is the total capital investment this facility will require, however to bring the value obtained 

up to 2012 dollars, the CTCI found must be multiplied by the inflation index from 2006 (500) to 

the current 2012 year (550), this is shown in Equation B.38, 

         
   

   
             (B.38) 

 

Sodium Metabisulfite cost of material: 

The cost of sodium metabisulfite is $250 per ton ("The Chemical World"). At a concentration of 

50 mg of sodium metabisulfite per liter of sorghum juice, the required amount of preservative is 

about 1.12 tons per year. This produces a total material cost of $281 per year.  

 

Appendix C.1  

Please find these appendices in the D2L group locker. 

 C.1- Extraction 

 C.2- Fermentation 

 C.3- Distillation 

 C.4- Waste Management 

 C.5- Economic Calculations 

Appendix D.1 

 

Table D.1.1: Literature values. 

Literature Value Name Number Units Reference 

Density of sorghum juice 1.05 kg/L (Teetor et al.) 
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Table D.1.2. Typical Types of Radial Centrifugal Pumps and FT Factors (Seider et al.) 

No. of 

Stages 

Shaft rpm Case-Split 

Orientation 

Flow Rate 

Range (gpm) 

Pump Heat 

Range (ft) 

Max 

Motor Hp 

Type 

Factor, FT 

1 3,600 VSC 50-900 50-400 75 1.00 

1 1,800 VSC 50-3,500 50-200 200 1.50 

1 3,600 HSC 100-1,500 100-450 150 1.70 

1 1,800 HSC 250-5,000 50-500 250 2.00 

2 3,600 HSC 50-1,100 300-1,100 250 2.70 

2+ 3,600 HSC 100-1,500 650-3,200 1,450 8.90 

 

Table D.1.3. Operating Ranges of Widely Used Crushing and Grinding Equipment (Seider 

et al.) 

Equipment Feed Size 

(mm) 

Product Size 

(mm) 

Size 

Reduction 

Ratio 

Capacity 

[ton/hr] 

Power (Hp) 

Gyratory 

crushers 

200-2,000 25-250 8 100-500 135-940 

Jaw crushers 100-1,000 25-100 8 10-1,000 7-270 

Cone crushers 50-300 5-50 8 10-1,000 27-335 

Hammer mills 5-30 0.01-0.1 400 0.1-5 1.3-135 

Ball mills 1-10 0.01-0.1 100 10-300 65-6,700 

Jet mills 1-10 0.003-0.05 300 0.1-2 2.7-135 

 

Appendix D.2: Yeast kinetics simulation. 

MATLAB code for Miller’s model (S1) 

%Ruben Galvan 

% Yeast sugar consumption model 

% Miller's method 

global Cc Cs Cp n umax Ks m Ycs Yps Ypc kd 

  

Cc = 0.01; %g/dm3 

Cs = 150; %g/dm3 

Cp = 93; %g/dm3 

n = .52; %coefficient 

umax = 0.33; %h-1 

Ks = 1.7; %g/dm3 

m = 0.03; % gsubs/gcell.h 

Ycs = 0.08; %g/g estimated 

Yps =0.511*.94; %g/g estimated 

Ypc = 5.6; %g/g estimated 

kd = 0.01; %h-1 

  

 y0(1)= Cc; 

 y0(2)= Cs; 

 y0(3)= 0; 
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[t, y]= ode45('EtRed', [0.0:0.1:72], y0);  %program call the subroutine EtRed 

to solve 

  

plot(t,y) 

hold on 

plot(t,0) 

  

%finding the maximum value 

ref = size(y(:,3)); 

  

for i=2:ref(1) 

    if y(i,3) - y(i-1,3) > 0.00001 

        max = y(i,3); 

        maxindex = i; 

    else 

        i = ref(1)+1; 

    end 

end 

  

  

max 

time = t(maxindex) 

plot(t, max) 

 

%Book method 

  

function dydt = EtRed(t,y) 

global Cp n umax Ks m Ycs Ypc kd 

  

      CCC = y(1); %Cell 

      CSS = y(2); %Substrrate 

      CPP = y(3); %Product 

       

% Differential Equations 

      dydt(1)= (umax*(1-CPP/Cp)^n*CCC*CSS/(Ks+CSS)) - (kd*CCC);        % Cell 

      dydt(2)=   -1/Ycs*((umax*(1-CPP/Cp)^n*CCC*CSS/(Ks+CSS))) - (m*CCC) ; % 

substrate 

      dydt(3) = Ypc*(umax*(1-CPP/Cp)^n*CCC*CSS/(Ks+CSS)); %Product 

      dydt=dydt';  

end 

  

 

 

MATLAB code for Lee’s method (S2) 

global Cc Cs Cp umax Ycs Yps Kg Xmax Emax ki 

  

Cc =0.01; %g/L 

Cs =150; %g/L 

Cp = 0; %g/L 

  

umax = 0.401; %h-1 

Kg = 3; %g/L 

Ycs = 0.109; %g/g estimated 
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Yps = 0.429; %g/g estimated 

Xmax = 183; 

Emax = 90; 

ki = 0.5; 

  

 y0(1)= Cc; 

 y0(2)= Cs; 

 y0(3)= 0; 

  

[t, y1]= ode45('EtRed3', [0.0:0.1:72], y0);  %program call the subroutine 

EtRed to solve 

  

plot(t,y1) 

hold on 

plot(t,0) 

  

%finding the maximum value 

ref = size(y1(:,3)); 

  

for i=2:ref(1) 

    if y1(i,3) - y1(i-1,3) > 0.00001 

        max1 = y1(i,3); 

        maxindex1 = i; 

    else 

        i = ref(1)+1; 

    end 

end 

  

  

max1 

time = t(maxindex1) 

plot(t, max1) 

 

 

function dydt = EtRed3(t,y) 

global Cc Cs Cp umax Ycs Yps Kg Xmax Emax ki 

  

      X = y(1); %Cell 

      S = y(2); %Substrrate 

      P = y(3); %Produt 

      n=(1-X/Xmax)*(1-P/Emax); 

       

       

% Differential Equations 

      dydt(1)= umax*S/(Kg + S)*((1-X/Xmax)*(1-P/Emax))*X;        % Cell 

      dydt(2)= -umax*S*((1-X/Xmax)*(1-P/Emax))*X/(Ycs*(Kg+S)) ; % substrate 

      dydt(3) = Yps*umax*S/(Ycs*(Kg+S))*((1-X/Xmax)*(1-P/Emax))*X; %Product 

      dydt=dydt';  

end 
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Results: 

 

Figure D.2.1: Overall results from MATLAB simulation. S1 = Miller’s, S2 = Lee’s. 

 

Figure D.2.2: Growth model results. Yeast concentration is different. Mass balance is used to arrive to an 

accurate result of yeast in the reactor, 800 kg/batch 
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Figure D.2.3: Sugar consumption results. Both simulations result on a total depletion of sugars. 

 

: 

Figure D.2.4: Ethanol production results. Both models arrive to a similar concentration of ethanol in the 

reactor of about 66 g/L 
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Appendix E 

ChemCAD Output 

 

Figure E.1: Schematic of ChemCAD distillation set up 
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Appendix F. 

Please find the phone logs in the D2L locker.   
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Appendix G.1 

Lee Steffen lsteffan@pinalenergyllc.com 
 

Feb 27, 2012 

 Teresa, Glad you enjoyed the tour. The answers to your questions are below in red. 

Lee Steffen 

Environmental, Health, Safety Manager 

Pinal Energy, LLC 

Cell: 520-483-3383 

Office: 520-494-2403 

lsteffen@pinalenergyllc.com 

 

From: Teresa M Cove [mailto:tcove@email.arizona.edu]  

Sent: Sunday, February 26, 2012 9:23 AM 

To: Lee Steffen 

Cc: Brett Allen Courtright; Ruben David Galvan; Heather A Waters 

Subject: Plant Visit 

Hello Mr. Steffen, 

Thank you again for showing Ruben and I around the plant last week it was very informative and 

will help us with our project immensely.  After meeting with our group and telling them what we 

learned, a couple more questions arose. 

1. What is the antibiotic that you use in the tanks? We will usually use virginiamyacin, or 

penicillin. 

2. What is the pH of your reactors? 3.8-4.0 

3. How long does the sweet sorghum take to react, and what is the final EtOH 

concentration? The sugar content out of the sweet sorghum is what benefits us, and usually reacts 

fairly quickly, and expect the sugars to be consumed within 8 hours. 

4. We noticed you had prison workers- do you get government subsidies or do you pay them 

less, how does this economically benefit Pinal? The final fee for each inmate is minimum wage, 

so we definelutely receive cheap labor. Their sole job is strictly housekeeping of the facility 

 

 

 

 

tel:520-483-3383
tel:520-494-2403
mailto:lsteffen@pinalenergyllc.com
mailto:tcove@email.arizona.edu
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Quote From Freight Center 

 

Dear Teresa Cove, 

Below is a copy of your recent quote from 

FreightCenter.com. Book your shipment online now or 

call 800.716.7608 to speak to a freight expert. 

Our lowest price guarantee ensures you’ll always 

receive the best price & value, so let us know if you 

found a better price elsewhere. 

  

 

  

 

  

  

Carrier  Transit Time  Total Discounted Rate 

53FT Dry Van Full Truckload 1 business days 623.08  

48ft Flat Bed Truck 1 business days 669.93  

 

 

  

 

  

  

  SHIPMENT DETAILS (April 5, 2012 1:00AM) 

  Start Location: 85719, Tucson, AZ (Business with Dock or Forklift) 

  End Location: 85308, Glendale, AZ (Business with Dock or Forklift) 

  Item info: Class: None - Weight: 45000 lbs 

  
 

 

  

 

  

  

Thanks again for choosing FreightCenter.com. 

Sincerely, 

FreightCenter.com 

Phone: 1-800-716-7608 

Fax: 727-450-7808 

Mon-Fri: 7:30AM - 10:00PM EST  

Sat: 9:00AM - 7:00PM EST  

 

http://freightcenter.com/
http://email.freightcenter.com/wf/click?upn=j2dX2AsY7z-2BgFLbqT-2BtoHjKOeN4cV-2BWKpefZX7Hstj4-3D_7u59zRi-2BQ30MBnU-2FzL3RT2QklyAwH33QWssta733O-2FHhqzs-2FLG7Tox20z8rjpX68-2FF9EhmCuABmB1FwnL3g-2FjfMPtcHvbquhTB771a3TtS-2F8eQSBagfnUPLGLYqHfzvUmTDMrupuzxMFEAMtDiJjWPHLoq-2BdKRKcm5c-2FhslI5Wo-3D
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Appendix H 

 

 

 

 

 

  

 

 

 

 

 

 

Figure H.5: Overall Mass balance of sweet sorghum to ethanol. 

Figure H.1 shows the overall mass balance of the Sweet Sorghum to Ethanol process. It is 

complicated by the number of transformations that occur between the inlet stalk and the final 

ethanol product.  Each inlet is discussed and the path through the process is explored.   

The sweet sorghum stalk is the first major inlet.  The stalk is grown and then the juice in 

the crop is extracted.  The stalk is sent to the dryer (E-401) and grinder (EX-401) to be prepared 

for sale to feed distributors.  The juice is sent into the fermentation process where it will be used 

to create the final ethanol product.  

Several of the other inlets are introduced into the process when the juice enters the 

fermentation reactors.  Yeast is added to aid in fermentation, sodium metabisulfate is then added 

to preserve the juice, and nitric acid is used to lower the pH which aids in the preservation as 

well as in a maximum conversion of the sugars.   
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After the addition of the remaining inlets (sodium metabisulfite, nitric acid, yeast), the 30 

hour fermentation cycle begins.   The majority of the inlets are converted into ethanol and CO2 is 

created during this process, which adds an output of CO2.  After the fermentation cycle is 

complete sodium bicarbonate is added to the juice to bring the pH to a neutral value, and mash is 

collected on a filter.  The sodium metabisulfate, nitric acid, and sodium bicarbonate are left in 

the process as it leaves the reactors.  This forces both the mash as well as the unpurified ethanol 

to contain percentages of each of these chemical components (nitric acid, sodium metabisulfite, 

and sodium bicarbonate).  Since this separation of streams (unpurified ethanol and mash) does 

occur within this process it is not possible to determine where in the cycle the inlet volumes of 

sodium metabisulfite, nitric acid, and sodium bicarbonate are located.  This problem also makes 

it nearly impossible to create a balance of inlets and outlets that will simply add and subtract 

equaling each other.  Another component that adds to the impossibility of correct addition of 

inlet and outlets is; all the inlet quantities are based on averages taken from papers (Teetor et al., 

Wu).  Since they are averages on actual experiments, some of the components are not additive 

(Appendix C.4- Final Inlet and Waste Material Balance). 

Finally the juice that is extracted out of the plant is modeled as water and is removed 

from the stalk through a dryer (E-401).  In this step, moisture is leaving the site which forces the 

water to be considered an outlet, but its point of origin was the solid stalk, making this 

appearance in the outlet stream counterintuitive.  Balances of each subdivision in the process, 

extraction, fermentation, distillation and waste management have material balances that can be 

referenced in Appendix A as well as the raw values seen in Appendix C (uploaded to the D2L 

locker). 
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