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Executive Summary 

 

Generating electricity at corn ethanol plants using biomass fuel offers the opportunity to reduce 

the carbon foot print of the ethanol produced and to send renewable electricity to the grid. The 

electricity sent to the grid is renewable, dependable (base load) power that complements power 

from other renewable sources that are variable such as wind and solar. 

 

Generating electricity in a combined heat and power (CHP) mode works well because the 

ethanol plant has an almost constant year around need for process heat. The need for process heat 

matches well with the need of the power generation system to discharge waste heat. Matching 

these two processes together achieves a high level of thermodynamic efficiency for the overall 

system. Using biomass as fuel provides an opportunity for significant greenhouse gas (GHG) 

reduction for both the liquid fuel (ethanol) and electricity produced. 

 

The primary goal of this project is to explore ways to maximize the amount of electricity 

produced while meeting the process heat needs of the ethanol plant. The electricity generation 

system is referred to as Biomass Integrated Gasification Combined Cycle (BIGCC). Biomass is 

gasified and the resulting synthesis gas is run through a gas turbine to generate electricity. Waste 

heat from the gas turbine is used to produce superheated steam which is run through a steam 

turbine to produce additional electricity. After leaving the steam turbine, the steam is condensed 

in various parts of the ethanol plant to meet the process heat needs while at the same time 

discharging the waste heat from the power generation cycle. 

 

A secondary objective of the project is to evaluate the impact of substituting superheated steam 

drying for steam tube drying in the ethanol plant on system performance and water use in the 

ethanol process. 

 

Detailed results are provided in seven chapters that follow this executive summary. Summaries 

of each chapter are included in the executive summary. The entire report can be found at  

 

www.biomassCHPethanol.umn.edu  

 

Overall Conclusions 

 

Biomass Integrated Gasification Combined Cycle (BIGCC) power generation offers significant 

potential at corn ethanol plants to produce low carbon fuel and green electricity. Current low 

prices for natural gas, the fuel now commonly used at ethanol plants, and the lack of a national 

http://www.biomasschpethanol.umn.edu/
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energy policy with clear, long-term goals for carbon reduction for both liquid fuels and 

electricity are impediments to adoption of BIGCC technology at this time. Large capital 

investments and skillful contracting are required to make this form of combined heat and power 

a commercial reality in the U.S. Implementing natural gas combined cycle (NGCC) systems at 

ethanol plants may offer a transition strategy for gaining some of the advantages of low carbon 

fuel and electricity, especially while natural gas prices remain low. Opportunities for adopting 

BIGCC technology will improve under the following circumstances or policies: 

 

• higher prices for fossil energy, particularly natural gas (the natural gas price where 

biomass alternatives would become attractive is approximately $10 per million Btu), and  

• policies which promote and reward the reduction of greenhouse gas emissions. 

 

Project Benefits 

 

• Demonstrated that employing Biomass Integrated Gasification Combined Cycle (BIGCC) 

systems at corn ethanol plants offers significant potential for generating low carbon fuel 

and renewable electricity. If widely adopted at Minnesota ethanol plants this technology 

could lead to sending as much as 500 MW of renewable, dependable (base load) power to 

the grid that could replace coal generated power and complement power from renewable 

sources that are variable such as wind and solar. 

 

• Showed that the life-cycle greenhouse gas (GHG) emission reduction for corn ethanol 

produced in conjunction with BIGCC technology is over 120% compared to gasoline. 

Incorporating natural gas combined cycle (NGCC) technology at corn ethanol plants can 

result in life-cycle GHG emission reduction of over 90% compared to gasoline. Sending 

significant amounts of electricity to the grid to replace coal generated power accounts for 

a significant portion of these reductions. 

 

• Evaluated a system for collecting, processing, and transporting corn stover to an ethanol 

plant and showed that corn stover could be delivered for about $75/ton with life-cycle 

greenhouse gas emissions for use as a fuel for heat and power of about 12% and 7% of 

that of natural gas and coal, respectively. 

 

• Showed that using superheated steam drying reduced process energy for the ethanol 

process and saved water (allowed reuse) at an ethanol plant. However, when combined 

with a BIGCC system to provide heat and power at a fuel ethanol plant, superheated 

steam drying resulted in lower thermal efficiency and less power to the grid than steam 

tube drying because the more efficient drying process provided a smaller heat sink in 

which to discharge the waste heat from the power generation cycle. 

 

• Explored business models that involve divided ownership – power island and ethanol 

plant. The power island purchases biomass fuel, produces electricity and steam, sells 

electricity to the ethanol plant and the grid, and sells steam to the ethanol plant. Showed 

that this model offers advantages for implementing BIGCC technology at ethanol plants 

due to investment opportunities and tax advantages for the power island entity. 
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• Showed that Biomass Integrated Gasification Combined Cycle Electricity Generation at 

Ethanol Plants represents an attractive and underutilized alternative to competing 

baseload sources of electricity. While state energy policy favors, and provides some 

incentives for this type of project, additional legislation, financial incentives, and public 

policy should be directed to encourage the development of this unique state resource. 

 

• Conducted outreach activities including a website, www.biomassCHPethanol.umn.edu , 

presentations, publications and papers, and a workshop entitled “Using Corn Stover for 

Energy at Ethanol Plants” to make the results of our project widely available. 

 

Usefulness of Project to Xcel Ratepayers 

 

• Identified a renewable, baseload electricity alternative for ratepayers based on biomass 

that complements renewable sources that are variable such as wind and solar. This 

alternative will be a valuable option to lower the cost of electricity when natural gas 

prices approach $10 per million Btu. It should be noted that in 2008, the price of natural 

gas exceeded this level, but currently is in the range of $5 per million Btu. 

 

• Specified the carbon footprint of this renewable, baseload electricity alternative based on 

biomass so that ratepayers, regulators, and utilities can factor this into their electricity 

purchasing decisions. Also showed how this alternative could contribute to lowering the 

carbon foot print for biofuels (ethanol) that ratepayers may wish to purchase for their 

vehicles. 

 

• Identified that natural gas combined cycle (NGCC) electricity generation at ethanol 

plants can be an attractive interim strategy for producing lower carbon electricity for rate 

payers and lower carbon biofuels for their vehicles until biomass-based electricity 

generation alternatives become economically attractive. 

 

Lessons Learned 

 

• We learned that the price of natural gas is a key component affecting the attractiveness of 

the biomass alternatives on both the ethanol production side and the electricity generation 

side. This is true because natural gas is the primary fuel currently used for process energy 

at ethanol plants, and natural gas is becoming an attractive alternative for replacing coal 

when the goal is to reduce the carbon foot print of base load power. Thus, the price of 

natural gas has a major impact on the relative economic attractiveness of biomass based 

combined heat and power at ethanol plants. 

 

• We learned that increasing carbon taxes on electricity generation at ethanol plants 

favored natural gas combined cycle (NGCC) systems over biomass integrated 

gasification combined cycle (BIGCC) systems. Although the carbon savings were less 

with NGCC than BIGCC, the investments costs were also less, leading to a more 

favorable rate of return for NGCC versus BIGCC. This differential increases with 

increasing carbon tax. From the ethanol plant perspective, increasing carbon tax favors 

the production of this renewable fuel when using corn and dry-grind technology. 

http://www.biomasschpethanol.umn.edu/
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Chapter 1. Integrated Gasification Combined Cycle Analysis 

 

We have modeled Biomass Integrated Gasification Combined Cycle (BIGCC) systems in Aspen 

Plus for a range of fuels, dryer types, dryer exhaust configurations, and compression levels for 

the gas turbine. All systems are designed to meet the process energy and electricity needs of a 

190 million liter per year (50 million gallon per year) ethanol plant, plus send as much electricity 

to the grid as possible. Also, we have modeled natural gas combined cycle (NGCC) systems to 

provide a basis for comparison to the BIGCC systems. Some of the key findings are: 

 

1. Results show that a fuel input rate of 110 MW meets process heat and power needs of the 

ethanol plant, and provides approximately 19.5 to 30.3 MW of electric power to the grid 

with system thermal efficiencies of 50 to 78%. 

 

2. Steam tube drying has more potential for maximizing electricity production than 

superheated steam drying because it provides a greater sink for process heat, and 

therefore, potential for discarding waste heat from the electricity generation process. In 

addition, steam tube drying requires less power to operate than superheated steam drying 

further increasing power available to the grid. 

 

3. Systems utilizing steam tube drying provide more power to the grid with 1 MPa (10 bar) 

gas compression than 2 MPa (20 bar) gas compression. This relationship is reversed for 

superheated steam drying. 

 

4. Discharging steam tube dryer exhaust to the gas turbine provides more electricity to the 

grid than discharging to a duct burner after the gas turbine or to the biomass combustor. 

Discharging dryer exhaust to the biomass combustor is the poorest option of the three. 

Potential dryer exhaust air clean-up issues may limit the opportunity to discharge to the 

gas turbine. 

 

5. Corn stover alone or syrup and corn stover fuels provide about the same performance in 

terms of electricity sent to the grid. Natural gas provides greater levels of electricity sent 

to the grid than the biomass systems for the same level of energy input because there is 

much less parasitic power loss for gas compression for the natural gas systems versus the 

biomass systems. 
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Chapter 2. Integrating Superheated Steam Dryer Technology at the Plant for Energy 

Reduction and Water Conservation 

 

Superheated steam drying (SHSD) is a process that uses steam heated beyond its boiling point, in 

lieu of air, in a direct contact dryer to remove moisture from the wet material. Moisture removed 

in the form of superheated steam is readily condensed to provide heat for other applications and 

to recover the liquid water. A SHSD model was developed in Aspen Plus to determine energy 

and water recovery for drying the co-products, distillers wet grains (DWG) or DWG and syrup, 

in a corn ethanol plant. The SHSD model was integrated into a biomass integrated gasification 

combined cycle (BIGCC) model to produce heat and generate power at an ethanol plant. 

 

Results were compared to estimates for a steam tube dryer (STD), which uses air to remove 

moisture. Energy consumed for the SHSD was about 780 kJ/kg (335 Btu/lb) of water removed, 

and 1.3 liters of water was recovered per liter of ethanol produced. Energy consumption for the 

STD was about 2675 kJ/kg (1150 Btu/lb) of water removed with no water recovery. However, 

using superheated steam drying with a BIGCC system to provide heat and power at a fuel 

ethanol plant resulted in lower thermal efficiency and less power to the grid than steam tube 

drying because the more efficient drying process provided a smaller heat sink in which to 

discharge the waste heat from the power generation cycle. 

 

Chapter 3. Life Cycle Greenhouse Gas (GHG) Analysis 

 

A life-cycle assessment (LCA) of corn ethanol was conducted to determine the reduction in the 

life-cycle greenhouse gas (GHG) emissions for corn ethanol compared to gasoline by integrating 

biomass fuels to replace fossil fuels (natural gas and grid electricity) in a U.S. Midwest dry-grind 

corn ethanol plant producing 190 million liter per year (50 million gallon per year) of denatured 

ethanol. The biomass fuels studied are corn stover and ethanol co-products [dried distillers grains 

with solubles (DDGS), and syrup (solubles portion of DDGS)]. The biomass conversion 

technologies/systems considered are process heat (PH) only systems, combined heat and power 

(CHP) systems, and biomass integrated gasification combined cycle (BIGCC) systems. 

 

The life-cycle GHG emission reduction for corn ethanol compared to gasoline is 38.9% for PH 

with natural gas, 57.7% for PH with corn stover, 79.1% for CHP with corn stover, 93.4% for 

natural gas combined cycle (NGCC), 124.1% for BIGCC with corn stover, and 116.5% for 

BIGCC with syrup and stover. Because the NGCC and BIGCC technologies can achieve life-

cycles that exceed 100% of gasoline, the effect of ethanol production and electricity production 

at such facilities can be considered carbon negative. These GHG emission estimates do not 

include indirect land use change effects. GHG emission reductions for CHP, NGCC, and BIGCC 

include power sent to the grid which replaces electricity from coal. BIGCC results in greater 

reductions in GHG emissions than NGCC with natural gas because biomass is substituted for 

fossil fuels. In addition, underground sequestration of CO2 gas from the ethanol plant’s 

fermentation tank could further reduce the life-cycle GHG emission for corn ethanol by 32% 

compared to gasoline. 
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Chapter 4. Analysis of a Biomass Procurement System for Corn Stover 

 

We evaluated the economics, energy inputs, and greenhouse gas (GHG) emissions for a 

proposed “field to facility” corn stover logistics system. The system included collection and 

transport by round bales to local storages within 3.2 km (2 miles) of the field during the fall 

harvest period followed by processing at the local storage sites throughout the year using mobile 

units which converted the bales to bulk material by tub-grinding and roll-press compacting to 

240 kg/m
3
 (15 lb/ft

3
) to achieve 22.7 t (25 ton) loads for truck delivery to an end user within a 48 

km (30 mile) radius. 

 

The total cost and fossil energy consumption for delivering the bulk corn stover (15% moisture) 

to end users were $81/t ($74/ton) and 936 MJ/t, respectively. The total fossil energy consumption 

was equivalent to approximately 7% of the energy content of corn stover. The life-cycle GHG 

emission for heat and power applications was approximately 114 kg CO2e/t at 15% moisture or 8 

g CO2e/MJ of dry matter including emissions for logistics and combustion, but excluding those 

associated with soil organic carbon (SOC) loss. Our estimates show that as a fuel for heat and 

power applications, corn stover reduced life-cycle GHG emissions by factors of approximately 8 

and 14 compared to natural gas and coal, respectively. 

 

Chapter 5. Business Model to Use Biomass to Provide Electricity to the Plant and Grid and 

Process Heat to the Plant 

 

Business models that involve divided ownership – power island and ethanol plant – have been 

explored. The power island purchases biomass fuel, produces electricity and steam, sells 

electricity to the ethanol plant and the grid, and sells steam to the ethanol plant. The ethanol plant 

purchases electricity and steam from the ethanol plant and in some cases sells co-product 

(biomass) to the power island. 

 

The power island/ethanol plant business structure was evaluated over a range of feedstock and 

energy costs with a number of policy incentives and investment analysis assumptions. Rates of 

return are sensitive to prices for corn, biomass fuel, ethanol, natural gas, electricity, and steam as 

well as potential policy incentives for reduction in fossil carbon. The power island/ethanol plant 

business structure is promising; however, current low prices for natural gas, the fuel now 

commonly used at ethanol plants, and the lack of a national energy policy with clear, long-term 

goals for carbon reduction for both liquid fuels and electricity are impediments to adoption of 

BIGCC technology at this time. Large capital investments and skillfully crafted contracts would 

be necessary to make BIGCC and other CHP technologies viable. Implementing natural gas 

combined cycle (NGCC) systems at ethanol plants may offer a transition strategy for gaining 

some of the advantages of low carbon fuel and electricity, especially while natural gas prices 

remain low. Opportunities for adopting BIGCC technology will improve under the following 

circumstances or policies: 

 

• higher prices for fossil energy, particularly natural gas (the natural gas price where 

biomass alternatives would become attractive is approximately $10 per million Btu), and  

• policies which promote and reward the reduction of greenhouse gas emissions. 
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Chapter 6. Public Policy Impacting Electricity Generation at Ethanol Plants – Meeting 

Needs for Regional Power Generation 

 

With the legal, physical, and economic barriers confronting competing baseload sources of 

electricity, Biomass Integrated Gasification Combined Cycle Electricity Generation at Ethanol 

Plants represents an attractive and underutilized resource. Federal, regional, and state 

developments favor the implementation of the type of resource utilization studied in this project. 

 

Although state energy policy favors, and provides some incentives for this type of project, 

additional legislation, financial incentives, and public policy should be directed to encourage the 

development of this unique state resource because it delivers clear improvements in 

environmental performance.  

 

Chapter 7. Outreach and Education for Investors, Policy Makers, Utilities and the Public 

 

Outreach activities included a website, www.biomassCHPethanol.umn.edu , presentations, 

publications and papers, and a workshop entitled “Using Corn Stover for Energy at Ethanol 

Plants”. Over 50 presentations were made based on work from the project. Approximately 10 

papers were prepared and three papers have been published. Several more papers are in review. 

 

http://www.biomasschpethanol.umn.edu/
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Integrated Gasification Combined Cycle Analysis 
by 

Huixiao Zheng, Graduate Student 

R. Vance Morey, Professor 

and 

Nalladurai Kaliyan, Research Associate 

Bioproducts and Biosystems Engineering 

University of Minnesota 

 

Abstract 

 

We have modeled Biomass Integrated Gasification Combined Cycle (BIGCC) systems in Aspen 

Plus for a range of fuels, dryer types, dryer exhaust configurations, and compression levels for 

the gas turbine. All systems are designed to meet the process energy and electricity needs of a 

190 million liter per year (50 million gallon per year) ethanol plant, plus send as much electricity 

to the grid as possible. Also, we have modeled natural gas combined cycle (NGCC) systems to 

provide a basis for comparison to the BIGCC systems. Some of the key findings are: 

 

1. Results show that a fuel input rate of 110 MW meets process heat and power needs of the 

ethanol plant, and provides approximately 19.5 to 30.3 MW of electric power to the grid 

with system thermal efficiencies of 50 to 78%. 

 

2. Steam tube drying has more potential for maximizing electricity production than 

superheated steam drying because it provides a greater sink for process heat, and 

therefore, potential for discarding waste heat from the electricity generation process. In 

addition, steam tube drying requires less power to operate than superheated steam drying 

further increasing power available to the grid. 

 

3. Systems utilizing steam tube drying provide more power to the grid with 1 MPa (10 bar) 

gas compression than 2 MPa (20 bar) gas compression. This relationship is reversed for 

superheated steam drying. 

 

4. Discharging steam tube dryer exhaust to the gas turbine provides more electricity to the 

grid than discharging to a duct burner after the gas turbine or to the biomass combustor. 

Discharging dryer exhaust to the biomass combustor is the poorest option of the three. 

Potential dryer exhaust air clean-up issues may limit the opportunity to discharge to the 

gas turbine. 

 

5. Corn stover alone or syrup and corn stover fuels provide about the same performance in 

terms of electricity sent to the grid. Natural gas provides greater levels of electricity sent 

to the grid than the biomass systems for the same level of energy input because there is 

much less parasitic power loss for gas compression for the natural gas systems versus the 

biomass systems. 
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1. Introduction 

 

Process energy in the form of heat and electricity is the largest energy input to the corn ethanol 

production process (Shapouri et al., 2002). The most common fuel used to provide process heat 

is natural gas, although some plants burn coal (Mueller and Cuttica, 2006). Electricity purchased 

by ethanol plants is often generated with coal. Analyses of second generation, cellulosic biofuels 

suggest improved energy balances and reduced greenhouse gas (GHG) emissions compared to 

corn ethanol (Farrell et al., 2006). Some of the technologies proposed for the production of 

cellulosic biofuels can also be applied to the current corn ethanol production process, specifically 

the production of heat and power from biomass, an alternative renewable source of energy for 

ethanol plants. Dry-grind corn ethanol plants produce biomass co-products which contain a 

significant amount of energy when used as a fuel. These corn ethanol plants are usually located 

in corn growing areas where corn stover could be available for fuel. Biomass powered dry-grind 

fuel ethanol plants could generate the electricity they need for their own use as well as electricity 

to sell to the grid. Using biomass replaces a large amount of fossil fuel input with a renewable 

source which will significantly improve the renewable energy balance for dry-grind corn ethanol 

(Morey et al., 2006; Wang et al., 2007).  

 

De Kam et al. (2009a) used Aspen Plus simulation modeling to study several technology options 

using biomass to produce heat and power at dry-grind fuel ethanol plants. They showed 

significant improvements in the renewable energy balance by using biomass fuels with 

increasing improvements as the amount of electricity produced increased. Their results suggested 

that even greater amounts of electricity could be produced while satisfying the process heat 

needs if biomass integrated gasification combined cycle (BIGCC) technology were applied. 

BIGCC has been extensively studied for producing both heat and electricity using wood chips 

and herbaceous biomass materials (Larson et al., 2001 and 2003; Boerrigter and Rauch, 2005). 

De Kam et al. (2009b) developed an Aspen Plus model of BIGCC systems at a dry-grind fuel 

ethanol plant and showed a significant increase in the electricity available to send to the grid 

compared to options that involve only electricity generation with steam turbines.  

 

The objectives of this study are to:  

 

1) develop Aspen Plus simulation models for integrating combined cycle systems fueled 

with biomass or natural gas at a 190 million liter per year (50 million gallon per year) dry-

grind corn ethanol plant; and 

 

2) study the overall system performance for three different fuel combinations – syrup and 

corn stover, corn stover alone and natural gas, two levels of synthesis gas compression for 

the gas turbine – 1 MPa with 2-stage compression and 2 MPa with 3-stage compression, two 

different dryer technologies – steam tube dryer and superheated steam dryer, and three 

different steam tube dryer exhaust treatment methods – sending exhaust to combustor, 

sending exhaust to gas turbine, and sending exhaust to a duct burner.  
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2. Methodology 

 

2.1 System overview 

 

We are developing a model of a 190 million liter per year (50 million gallon per year) dry-grind 

corn ethanol plant which uses biomass to produce process heat and generate electricity. The 

process heat is used for the ethanol production process including co-product drying. Some of the 

electricity generated is used by the plant with the excess power sent to the grid. The goal is to 

evaluate alternatives that maximize power sent to the grid. 

 

The ethanol part of the process is based on an Aspen Plus model of a dry-grind plant obtained 

from the USDA Agricultural Research Service (McAloon et al., 2000 and 2004; Kwiatkowski et 

al., 2006). Our modeling adds biomass gasification and combustion to produce syngas following 

the approach of De Kam et al. (2009b). It includes syngas cleanup prior to the gas turbine as well 

as stack gas treatment. The power generation model is based on a combined cycle gas turbine 

and steam turbine. The biomass gasification/combustion and power generation comprise the 

power island at the biomass fueled ethanol plant. 

 

A conventional dry-grind ethanol plant uses a direct-fired natural gas dryer for co-product 

drying. A thermal oxidizer destroys volatile organic compounds (VOCs) in the dryer exhaust air. 

To accommodate biomass fuels, either a steam tube dryer or a superheated steam dryer is 

substituted for the direct fired dryer. In the case of the steam tube dryer, dryer exhaust is directed 

to the twin fluidized bed combustor, the gas turbine, or a duct burner following the gas turbine to 

destroy VOCs. In the case of the superheated steam dryer, water vapor removed from the product 

is collected in the superheated steam. A portion of the superheated steam is removed and 

condensed to reduce energy use and recover water. Aspen Plus models are developed for both of 

these drying systems. Schematic diagrams illustrating the overall configuration of the BIGCC 

systems with syrup and corn stover as fuel are shown for the steam tube drying and the 

superheated steam drying systems in Figs. 1 and 2, respectively. The steam tube dryer schematic 

(Fig. 1) shows the configuration where dryer exhaust mixed with preheated air from the stack 

exhaust is directed to the inlet of the gas turbine.  

 

2.2 Aspen Plus model 

 

The implementation of various components of the BIGCC systems in Aspen Plus 2006 software 

(AspenTech, http://www.aspentech.com) is detailed below. The Aspen Plus model of NGCC 

system is similar to that of BIGCC model. The key difference is that the NGCC model does not 

include twin-fluidized bed gasification/combustion system. 

 

2.2.1 Biomass fuels  

 

De Kam et al. (2009b) modeled syrup and corn cobs as fuel in their BIGCC model. Syrup is the 

solubles portion of the dried distillers grains with solubles (DDGS). However, the amount of 

corn cobs is limited, so we studied the other biomass fuel sources syrup and corn stover, and 

corn stover alone – along with natural gas for comparison purposes. The relevant properties of 

biomass fuels studied are shown in Table 1. Enthalpy and heat capacity of biomass fuels are 



1-4 

 

obtained from De Kam (2008) and De Kam et al. (2009b). Biomass is defined as solid 

nonconventional components in Aspen Plus models (De Kam et al., 2009b). Natural gas used in 

this study contains 94.0% methane, 2.6% nitrogen, and 3.4% ethane on a molar basis. These 

compositions give natural gas a higher heating value (HHV) of 890 MJ/kmol or 39.2 MJ/N.m
3

 

(1,009 Btu/Scf) (De Kam, 2008). 

 

2.2.2 Gasification/combustion including gas cleanup and stack gas treatment 

 

A twin fluidized bed gasification/combustion system based on the SilvaGas
®
 process (Paisley 

and Welch, 2003) is used in this study to model syngas production from biomass fuels. 

Previously, De Kam et al. (2009b) divided biomass fuels into two parts: one part goes to the 

gasifier to produce syngas, and the other goes to the combustor to provide heat for the gasifier 

(Fig. 3). Whereas, in this study, all of the fuel is sent to the gasifier, and the heat needed for the 

gasification process is produced in the combustor from char and a portion of syngas from the 

gasifier if needed (Fig. 4). Simulation results have shown similar system thermal performances 

for both configurations (Figs. 3 and 4), but the most important advantage of using the new 

configuration (Fig. 4) is that the size of the combustor is reduced, which can decrease the system 

cost significantly. In addition, the new configuration provides greater flexibility for gas cleanup, 

which is important especially when the fuel is herbaceous biomass such as corn stover. Figures 1 

and 2 illustrate the new fluidized bed gasification/combustion configuration where all biomass 

fuel going to the gasifier and a part of syngas sent to the combustor as needed.  

 

Feedstock from dryer (for corn stover and syrup) or from storage place (for corn stover alone) is 

first decomposed to H2O, O2, N2, S, H2, Cl2, HCl, C, and ash based on atom balance in a 

RYIELD block. Then, all N2 is turned into NH3, all Cl2 is turned into HCl, and all S is turned 

into H2S in a RSTOIC block. All the compositions are sent to the gasifier modeled as RGIBBS 

block with gasification agent (steam) which is taken from steam turbine exhaust at 481 K and 

446 kPa. At the same time, a very small amount of air is sent to the gasifier through feedstock 

feeder to prevent backflow. An assumption is made that the amount of char produced during the 

gasification process is 19.7% of the total carbon entering the gasifier (De Kam et al., 2009b). In 

addition, it is assumed that gasification products have reached equilibrium state when they leave 

the gasifier. RGIBBS block simulates the gasifier and produces syngas based on the 

minimization of Gibbs free energy (De Kam et al., 2009b). The syngas produced contains water 

vapor, N2, H2, HCl, CO, CO2, NH3, CH4, C2H6, H2S, C6H6O, C2H4, ash, and char.  Syngas and 

char leave the gasifier at 1143 K and 1 atm, and then char is separated from the syngas by a 

cyclone and sent to the combustor for complete combustion. In order to provide heat to the 

gasification process, the combustor fueled by char and a part of syngas is operated at 1263 K and 

1 atm. The SilvaGas
®
 process uses sand to transfer heat between gasifier and combustor, here 

sand is not simulated, but a heat flow is used instead to represent the heat transfer.  

 

A part of syngas besides char is sent to the combustor to generate heat, and the remainder of the 

syngas is cooled, cleaned (impurities such as HCl, NH3, H2S, and C6H6O), and sent to gas 

compressors at 357 K and 1 atm. Syngas compressor intercooler(s) is/are used to cool the 

compressed syngas to 430 K, and heat is recovered to preheat a part of condensate water for 

steam cycle. 
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2.2.3 Power generation – gas turbine and steam turbine 

 

Compressed syngas is combusted in the burner of the gas turbine with compressed air, and then 

the combustion exhaust is sent to the gas turbine to generate electricity. In order to protect the 

gas turbine from a too high temperature, air provided is much more than that needed for 

complete combustion. The amount of air is calculated so that the temperature of the exhaust from 

the gas turbine burner is 1351 K. The gas turbine has an isentropic efficiency of 90% and a 

mechanical efficiency of 98%, and its discharge pressure is 1 atm. Exhaust from the gas turbine 

is mixed with exhaust from the combustor, and sent to the steam generation system. A duct-

burner is used after the gas turbine (before the steam generation system) when the heat energy 

from the exhaust mixture could not meet the ethanol plant’s process heat demand.  

 

Steam generation system contains an economizer, an evaporator, and a superheater.  Hot exhaust 

gas first goes through the superheater, then the evaporator, and finally the economizer. Pressure 

loss is assumed 700 kPa for the superheater, and 500 kPa for the evaporator.  Condensate water 

enters the steam generation system at 7500 kPa and 422 K, and leaves at 6300 kPa and 755 K 

from superheater. A 3% of water from economizer is taken out as the blowdown water. A 5 K 

temperature decrease is assumed for heat loss from the superheater to steam turbine. Steam 

turbine has an isentropic efficiency of 75%, and a mechanical efficiency of 97%, and its 

discharge pressure is 446 kPa.  Some amount of exhaust steam (i.e., steam/dry biomass ratio is 

0.21 on a mass basis) is taken from steam turbine exhaust to serve as gasification agent, and the 

rest is mixed with makeup water which is equal to the blowdown water, and then sent to 

downstream usage – steam tube dryers and corn ethanol production process. The excess 

electricity generated from the BIGCC is sent to the grid after meeting the BIGCC parasitic power 

load and ethanol plant needs. Exhaust from the steam generation system is first sent to gas 

cleaning facilities to reduce impurities (NOx, SOx, and HCl), and then sent through a heat 

exchanger to preheat the air entering the combustor before being rejected into stack.  

 

2.2.4 Drying 

 

In this article, both steam tube and superheated steam dryers are employed to dry both fuels and 

co-products, and the overall system performance using these two dryer options is compared. The 

syrup and corn stover combination requires two dryers: one for drying the distillers wet grains 

(DWG), which yields a product called distillers dried grains (DDG), and the other which dries 

the fuel, a mixture of syrup and corn stover.  When corn stover alone is used as a fuel, only one 

dryer is required. Since the syrup is not used as a fuel, it is combined with the DWG and dried to 

yield a product called DDGS. 

 

2.2.4.1 Steam tube dryer with exhaust air location options 

 

Steam tube dryers used here are similar to those used in previous work (De Kam et al., 2009a 

and 2009b). An Aspen Plus model of the steam tube dryer is shown in Fig. 5. The amount of 

steam needed for the drying process is well controlled such that the moisture content of the dried 

feedstock is about 10% on a weight basis, and the amount of ambient air is calculated so that the 

exhaust leaving the steam tube dryer has a humidity ratio of 0.75 kg water/kg dry air. Wet 

feedstock is mixed with air, and then goes through a RSTOIC block where all the 
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nonconventional moisture (i.e., moisture in the feedstock) is converted into conventional water 

(Fig. 5). Then, the mixture of air and feedstock is sent to a counter-flow heat exchanger where 

liquid water is vaporized and carried away by the air. During this process wet feedstock is dried, 

and hot steam becomes condensate. The temperature of dried feedstock and exhaust is at 360 K. 

After leaving the heat exchanger, dried feedstock is separated by a FLASH2 block from dryer 

exhaust which is a mixture of air, vaporized moisture, and volatile organic compounds (VOCs) 

produced in the process of drying.  With steam tube dryer, moisture vaporized is lost in the 

exhaust leaving the dryer, and a large amount of exhaust is generated which calls for treatment to 

remove harmful VOCs (Svoboda et al., 2009).  

 

Previously, De Kam et al. (2009a and 2009b) sent the steam tube dryer exhaust to the fluidized 

bed combustor for the destruction of VOCs. Since the exhaust contains a large amount of water 

vapor, a significant amount of energy is required to heat it. This consumes some syngas which 

could otherwise be sent to the gas turbine to generate power. Thus, two new methods of dealing 

with the exhaust leaving the steam tube dryer are also modeled in this study. In the first new 

method, the dryer exhaust becomes part of the combustion air for the gas turbine (Fig. 1). 

Temperature reached in the gas turbine combustor (1351 K) is sufficient to destroy VOCs in the 

exhaust, and this configuration resulted in greater power production for the same fuel input. The 

ambient air is preheated with stack exhaust to insure that the ambient air-dryer exhaust mixture 

does not drop below its dew point as it enters the gas turbine. In the other new method, the dryer 

exhaust is supplied to a duct burner after the gas turbine. The temperature of the duct burner is in 

the range of 942 – 1014 K. 

 

2.2.4.2 Superheated steam dryer 

 

Another drying approach is to use a superheated steam dryer. With this dryer, moisture could be 

recovered as condensed water, energy use can be reduced if heat from condensing water can be 

utilized, and no exhaust vapor is generated so there is no need to treat exhaust gases. The Aspen 

Plus model of the superheated steam dryer developed by Morey et al. (2010) is used in this study 

(Fig. 6). As shown in Fig. 6, wet material (approximately 65% moisture) is first mixed with some 

dry product (approximately 10% moisture) to decrease its moisture content to 35%. In the dryer, 

the 35% material directly contacts circulating superheated steam which is at 418 K and 1 atm. 

The amount of circulating steam is calculated based on the heat needed to dry the wet material to 

a moisture content of 10%. After leaving the superheated dryer, dry product which is at 373 K 

and 1 atm is separated by a cyclone from the superheated steam which leaves at 378 K and 1 

atm. After the cyclone, an amount of vapor equal to the water evaporated from the product is 

removed from the superheated steam, and the remainder is reheated and re-circulated through the 

dryer. The portion that is removed is compressed to 3.6 atm to increase its condensing 

temperature to 415 K to facilitate heat recovery. A series of heat exchangers are used to transfer 

heat from the compressed vapor to preheat air for the combustor (565 K) and to preheat the 

circulating steam. Circulating steam leaving the heat exchanger is further heated with process 

steam to 415 K. When the vapor leaves the last heat exchanger, it has condensed to water at less 

than 373 K. 
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3. Results and discussion 

 

During preliminary study, we evaluated a range of fuel input rates –105, 110,115, and 120 MW – 

in order to understand the impact on system performance for a 190 million liter per year (50 

million gallon per year) dry-grind ethanol plant. We found that 110 MW provided a good 

balance in meeting the plant process energy and electricity needs, plus sending as much 

electricity to the grid as possible. Therefore, a fuel input rate of 110 MW is used for the rest of 

the simulations. 

 

We also evaluated the impact of different levels of syngas compression pressure (1.0, 1.5, 2.0, 

2.5, and 3.0 MPa) to the gas turbine. Syngas compression pressure of 1 MPa requires two 

compression stages, while the higher pressures require three compression stages. We found that 

1 MPa (2 stage) compression and 2 MPa (3 stage) compression provided the best combinations 

of performance so we have chosen gas compression pressures of 1 and 2 MPa for further 

comparisons. 

 

In addition, the impact of temperature and pressure of steam entering the steam turbine on the 

overall system performance was also investigated. We studied a range of temperatures – 750, 

800, and 850 K and a range of pressures – 6300, 7300, and 8300 kPa. Increasing the temperature 

and pressure of steam demanded more syngas fed to the duct-burner after the gas turbine to 

provide more heat for steam generation. For these conditions, the power to grid decreased as 

temperature of steam entering the steam turbine was increased while the power to grid increased 

by 0.2-0.5 MW when pressure alone is increased. Higher temperature and pressure of steam 

turbine require sophisticated and costly equipment. Considering the small increase in power to 

grid and added cost to the overall system, steam entering the steam turbine kept constant at 750 

K and 6300 kPa for the rest of the simulations.  

 

Aspen Plus simulation results are given in Tables 2, 3, and 4 for BIGCC with syrup and corn 

stover fuel, BIGCC with corn stover fuel, and NGCC with natural gas fuel, respectively. To 

create mass and energy balance during a simulation, the amount of synthesis gas distributed to 

the combustor, gas turbine, and duct burner is adjusted depending on the fuel type, gas 

compression pressure, heat and power needs of the dryers, and steam tube dryer exhaust 

treatment methods (Tables 2-4). The amount of power sent to the grid, system thermal 

efficiency, and power generation efficiency are calculated to compare different simulation 

conditions. 

 

3.1 Fuel type – biomass and natural gas 

 

From the distribution of syngas to various demands in the system, syngas required for the 

fluidized bed combustor is somewhat less for the syrup and corn stover fueled systems (Table 2) 

than for the corn stover fueled systems (Table 3). This is because the syrup and corn stover are 

dried to 10% moisture while the corn stover is assumed to be received at 13% moisture and not 

dried. The lower moisture content lowers the heat duty for the gasifier and increases the energy 

content of the syngas, which in turn reduces the amount of energy required for the combustor. 

However, the type of fuel has little effect on the performance for systems fueled with syrup and 

corn stover, and corn stover alone in terms of electricity to grid and system thermal efficiency.  
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Under similar simulation conditions (e.g., steam tube drying), the power sent to grid is in the 

range of 26.2 – 30.3 MW for natural gas fueled systems while the power sent to grid is in the 

range of 19.7 – 24.7 MW for biomass fueled systems. The system thermal efficiency is in the 

range of 74.1% – 77.7% for natural gas fueled systems while the system thermal efficiency is in 

the range of 68.7% – 73.3% for biomass fueled systems (Tables 2-4). It is because with natural 

gas systems, no twin-fluidized bed gasification/combustion system is involved and process heat 

demand is decreased. Thus, more natural gas is sent to the gas turbine to generate electricity. In 

addition, since the pressure of natural gas entering the system is at about 0.7 MPa, power 

consumed by gas compressor is much smaller for natural gas fueled systems (0.1 – 0.3 MW) than 

that for biomass fueled systems (2.7 – 3.8 MW). Another advantage of using natural gas is that 

natural gas is very clean so that gas cleanup facilities could be eliminated. 

 

3.2 Gas compression pressure  

 

For steam tube drying, 1 MPa (2 stage) gas compression configuration provides a higher thermal 

efficiency and a larger amount of power sent to the grid for the three fuels studied (Tables 2-4). 

This configuration provides the best match for meeting power generation and process heat needs. 

The 2 MPa (3 stage) gas compression resulted in a greater temperature decrease in the gas 

turbine. This reduced the heat energy in the gas turbine exhaust causing not enough energy to 

meet the process heat demands. In order to satisfy the process heat demands, more synthesis gas 

needs to be diverted to the duct-burner to produce enough heat, which decreases the syngas sent 

to the gas turbine. This causes a decrease in power generation from the gas turbine resulting in 

lower efficiency and less power to the grid than for the 1 MPa (2 stage) gas compression 

configuration (Tables 2-4). 

 

Whereas for the superheated steam drying systems, 2 MPa (3 stage) gas compression results in 

higher thermal efficiency and more power to the grid than for 1 MPa (2 stage). For the 

superheated steam drying systems, the process heat demand is about 20 MW less than that of 

steam tube drying systems, and the energy contained in the exhaust mixture from gas turbine and 

combustor can meet both the drying and ethanol plant’s process heat demand for both 1 MPa and 

2 MPa gas compression configurations. Thus, no duct-burner is involved, and the same amount 

of syngas is sent to the gas turbine for both 1 and 2 MPa gas compressions. Consequently, 2 MPa 

(3 stage) gas compression configuration generates by about 3 MW higher electricity from gas 

turbine, sends by about 1.5 MW more power to the grid, and increases the thermal efficiency by 

about 1.4 percentage point than for 1 MPa (2 stage) gas compression configuration (Tables 2 and 

3). 

 

3.3 Dryer type 

 

3.3.1 Steam tube dryer including exhaust air location options 

 

The impact of sending steam tube dryer exhaust to the fluidized bed combustor, gas turbine, and 

duct-burner is illustrated in Tables 2 and 3. Compared to systems sending dryer exhaust to the 

combustor, for systems sending dryer exhaust to gas turbine or duct-burner, both power 

generation efficiency and thermal efficiency increased as well as the net electricity sold to the 
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grid, except for system fueled by syrup and corn stover at a gas compression pressure of 2 MPa 

(3 stage). It is because compared to the other two exhaust treatment methods, systems sending 

dryer exhaust to the combustor need 30.7 – 31.3 MW more syngas in the combustor to increase 

the temperature of the dryer exhaust from 359 K to the combustor outlet temperature of 1263 K 

and less syngas is left to generate electricity in the gas turbine.  

 

Sending dryer exhaust to gas turbine provides a better match for meeting power generation and 

process heat needs. However, according to EPA (2005), since the extent of required upfront 

cleanup of the dryer exhaust, the percentage of dryer exhaust that could be destructed, and the 

potential impact on the gas turbine performance and life are uncertain, sending dryer exhaust 

directly to the gas turbine is not considered a short-term option. The third dryer exhaust 

treatment method is combusting dryer exhaust in a duct-burner after gas turbine. This duct-

burner can take advantage of the remaining oxygen in the gas turbine exhaust which is huge in 

quantity due to the large amount of dilution air entering the gas turbine. For both biomass and 

natural gas fuels, power generation efficiency, system thermal efficiency, and power sent to the 

grid decreased when the dryer exhaust is sent to the duct-burner rather than to the gas turbine 

(Tables 2-4). When diverting the dryer exhaust from the gas turbine to the duct-burner without 

changing the amount of syngas sent to the gas turbine, although more power was generated by 

the gas turbine, less heat energy was available in the exhaust from the gas turbine which could 

not meet the process heat demand. To meet the process heat demand, compared to systems 

sending the dryer exhaust to the gas turbine, more syngas needs to be provided to the duct-burner 

for systems sending the dryer exhaust to the duct-burner; thus, less syngas is available for the gas 

turbine to generate electricity, which leads to less power sent to the grid and lower system 

efficiencies for systems sending dryer exhaust to the duct-burner.  

 

3.3.2 Superheated steam dryer 

 

System performances for superheated steam drying configurations are provided in Tables 2 and 3 

for syrup and corn stover and corn stover fuels, respectively. In general, compared to the steam 

tube dryer configurations, superheated steam drying configurations provide lower thermal 

efficiencies and less electricity to the grid. The superheated steam drying process requires much 

less process heat than the steam tube dryer, but requires some additional electric power to 

compress the superheated vapor so that it can be condensed at higher temperatures (Tables 2 and 

3). Since the power generation process relies on the process steam needs to reject waste heat, the 

process energy savings associated with superheated steam drying are not an advantage in this 

application, especially given the additional electric power demand associated with vapor 

compression. It appears the primary advantage of superheated steam drying in the ethanol 

production process utilizing BIGCC is the ability to recover and reuse water (De Kam, 2008) 

rather than to increase electricity sent to the grid. 
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4. Conclusions 

 

Aspen Plus simulations are conducted to study the BIGCC and NGCC technologies to generate 

electricity and provide process heat for a 190 million liter per year (50 million gallon per year) 

ethanol plant. The following conclusions are drawn for a fuel input rate of 110 MW: 

 

 The system performance of syrup and corn stover, and corn stover fuels is similar in 

terms of electricity sent to the grid and system thermal efficiency. For steam tube drying 

configurations, the amount of power sent to the grid is in the range of 19.7-24.7 MW and 

system thermal efficiency is in the range of 68.7% – 73.3% for both biomass fuels. 

Natural gas fueled system provides 26.2 – 30.3 MW power to grid, and has a system 

thermal efficiency of 74.1% - 77.7%. 

 With steam tube drying, the 1 MPa (2 stage) gas compression configuration provides a 

higher system thermal efficiency and a larger amount of power to the grid than the 2 MPa 

(3 stage) gas compression. Whereas, with superheated steam drying, 2 MPa (3 stage) gas 

compression results in a higher system thermal efficiency and a larger amount of power 

to the grid than 1 MPa (2 stage) gas compression. 

 The steam tube dryer configurations provide higher thermal efficiencies and more 

electricity to the grid than the superheated steam dryer configurations. The superheated 

steam dryer in the BIGCC-ethanol system reduced the amount of electricity that could be 

generated and sent to the grid because total process steam requirements were reduced and 

BIGCC gas compression power requirements were increased. It appears the primary 

advantage of superheated steam drying in the ethanol production process utilizing 

BIGCC is the ability to recover and reuse water. 

 The configuration which sends steam tube dryer exhaust to the gas turbine rather than to 

the combustor or the duct-burner significantly improves thermal efficiency and increases 

power sent to the grid.  
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Figure 1. Schematic of BIGCC system with steam tube dryers for syrup and corn stover fuel. 
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Figure 2. Schematic of BIGCC system using superheated steam dryers for syrup and corn stover 

fuel. 
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Figure 3. Twin fluidized bed gasification model used by De Kam et al. (2009b). 
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Figure 4. Modified twin fluidized bed gasification model. 
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Figure 5. Steam tube dryer model in Aspen Plus. 
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Figure 6. Superheated steam dryer model in Aspen Plus. 
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Table 1. Properties of biomass fuels (De Kam et al., 2009b). 

 DDGS Syrup Corn stover 

Moisture (wt %, wet) 10.10 66.80 13.00 

HHV (MJ kg
-1

, dry) 21.75 19.73 17.93 

Ultimate  (wt %, dry)    

Carbon  50.15 42.97 45.44 

Hydrogen  6.87 7.04 5.52 

Nitrogen  4.78 2.62 0.69 

Oxygen  33.36 39.07 41.49 

Sulfur  0.77 0.96 0.04 

Chlorine  0.18 0.35 0.10 

Ash  3.89 6.99 6.72 
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Table 2. BIGCC system performance for a 190 million liter per year (50 million gallon per year) 

ethanol plant with syrup and corn stover fuel at 110 MW input rate. 
a
 

 Steam Tube Dryer  Superheated Steam 

Dryer 

Dryer exhaust 
treatment method 

Exhaust to Combustor  Exhaust to Gas Turbine  Exhaust to Duct burner  No Exhaust 

Syngas compression 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

Generation 
efficiency b 

27.1% 27.5% 
 

30.6% 29.4% 
 

28.1% 25.5%  31.0% 33.7% 

Thermal efficiency b 70.0% 69.8%  73.3% 71.6%  71.4% 68.7%  50.0% 51.4% 

Power Generation, MW 

Total power by gas 

turbine 
36.9 48.7 

 
49.6 64.2 

 
38.9 42.9  54.8 78.4 

Gas turbine c 18.3 18.7  22.0 20.8  19.3 16.5  27.2 30.1 

Steam turbine 11.6 11.6  11.6 11.6  11.6 11.6  7.0 7.0 

Total c 29.9 30.3  33.6 32.4  30.9 28.1  34.1 37.1 

Power Use, MW 

Ethanol process 4.7 4.7  4.7 4.7  4.7 4.7  4.7 4.7 

Dryers d 0 0  0 0  0 0  4.5 4.5 

Parasitic BIGCC d 4.1 4.6  4.3 4.8  3.6 3.6  4.7 6.2 

To grid 21.1 21.0  24.7 22.9  22.5 19.7  20.2 21.7 

Total 29.9 30.3  33.6 32.4  30.9 28.1  34.1 37.1 

Process Heat, MW 

Ethanol process 27.9 27.9  27.9 27.9  27.9 27.9  27.9 27.9 

Dryers 23.3 23.3  23.3 23.3  23.3 23.3  2.3 2.3 

Total 51.2 51.2  51.2 51.2  51.2 51.2  30.2 30.2 

Synthesis Gas Split, MW 

Combustor 39.3 39.4  8.1 8.1  8.1 7.5  5.5 5.5 

Gas turbine 69.6 64.3  89.9 78.9  73.4 56.7  103.4 103.4 

Duct burner  0 5.2  10.9 21.9  27.4 44.7  -- -- 

Combustor Input, MW 

Char 17.1 17.1  17.1 17.1  17.1 17.1  17.1 17.1 

Syngas 39.3 39.4  8.1 8.1  8.1 7.5  5.5 5.5 

Total 56.4 56.5  25.2 25.2  25.2 24.6  22.6 22.6 

Combustor Output, MW 

Heat to gasifier      16.0 16.0  16.0 16.0  16.0 16.0  15.9 15.8 

Combustion exhaust     40.4 40.5  9.2 9.2  9.2 8.6  6.7 6.8 

Note: BIGCC = biomass integrated gasification combined cycle. 

a All energy and power values are based on the fuel higher heating value (HHV). Syrup: 38.6 MW (509 Mg d-1 at 66.8% moisture); Corn stover: 

71.4 MW (396 Mg d-1 at 13% moisture). 
b Generation efficiency (%) = total power generated × 100 / fuel input rate. Thermal efficiency (%) = [(total power generated + total process heat 
– power use by dryers and parasitic BIGCC) × 100 / fuel input rate]. 
c Gas turbine = total power by gas turbine – shaft power for gas turbine air compressor (not given). Total = gas turbine + steam turbine. 

d Power use by superheated steam dryers or parasitic BIGCC was calculated based on power consumed by compressors, fans, and pumps with an 
electric motor efficiency of 95%. 
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Table 3. BIGCC system performance for 190 million liter per year (50 million gallon per year) 

ethanol plant with corn stover fuel at 110 MW input rate. 
a
 

 Steam Tube Dryer  Superheated Steam 
Dryer 

Dryer exhaust 

treatment method 

Exhaust to Combustor  Exhaust to Gas Turbine  Exhaust to Duct burner  No Exhaust 

Syngas compression 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

 1 MPa 

(2 stage) 

2 MPa 

(3 stage) 

Generation 

efficiency b 

26.8% 27.2%  30.6% 29.2%  28.2% 27.7%  30.4% 33.0% 

Thermal efficiency b 68.9% 68.8%  72.6% 70.7%  70.7% 69.7%  49.3% 50.7% 

Power Generation, MW 

Total power by gas 

turbine 
36.0 47.6  50.3 63.0  39.2 47.5  53.0 75.8 

Gas turbine c 18.0 18.4  22.2 20.6  19.5 19.0  26.4 29.3 

Steam turbine 11.5 11.5  11.5 11.5  11.5 11.5  7.0 7.0 

Total c 29.4 29.9  33.7 32.1  31.0 30.5  33.4 36.3 

Power Use, MW 

Ethanol process 4.7 4.7  4.7 4.7  4.7 4.7  4.7 4.7 

Dryers d 0 0  0 0  0 0  4.4 4.4 

Parasitic BIGCC d 4.1 4.7  4.4 4.8  3.8 4.3  4.8 6.2 

To Grid 20.6 20.5  24.6 22.6  22.5 21.5  19.5 21.0 

Total 29.4 29.9  33.7 32.1  31.0 30.5  33.4 36.3 

Process Heat, MW 

Ethanol process 27.9 27.9  27.9 27.9  27.9 27.9  27.9 27.9 

Dryer 22.6 22.6  22.6 22.6  22.6 22.6  2.2 2.2 

Total 50.5 50.5  50.5 50.5  50.5 50.5  30.1 30.1 

Synthesis Gas Split, MW 

Combustor 42.1 41.7  11.2 11.0  11.2 11.0  9.9 9.9 

Gas turbine 68.1 63.0  90.7 77.7  74.0 64.3  100.3 100.3 

Duct burner  0 5.5  8.3 21.5  25.0 34.9  -- -- 

Combustor Input, MW 

Char 18.0 18.0  18.0 18.0  18.0 18.0  18.0 18.0 

Syngas 42.1 41.7  11.2 11.0  11.2 11.0  9.9 9.9 

Total 60.1 59.7  29.2 29.0  29.2 29.0  27.9 27.9 

Combustor Output, MW 

Heat to gasifier 18.2 18.2  18.2 18.2  18.2 18.2  18.2 18.2 

Combustion exhaust 41.9 41.5  11.0 10.8  11.0 10.8  9.7 9.7 

Note: BIGCC = biomass integrated gasification combined cycle. 

a All energy and power values are based on the fuel higher heating value (HHV). Corn stover: 110 MW (637 Mg d-1 at 13% moisture). 
b Generation efficiency (%) = total power generated × 100 / fuel input rate. Thermal efficiency (%) = [(total power generated + total process heat 
– power use by dryers and parasitic BIGCC) × 100 / fuel input rate]. 
c Gas turbine = total power by gas turbine – shaft power for gas turbine air compressor (not given). Total = gas turbine + steam turbine. 

d Power use by superheated steam dryers or parasitic BIGCC was calculated based on power consumed by compressors, fans, and pumps with an 
electric motor efficiency of 95%. 
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Table 4. NGCC system performance for a 190 million liter per year (50 million gallon per year) 

ethanol plant with natural gas fuel at 110 MW input rate. 
a
 

Note: NGCC = natural gas combined cycle. 

a All energy and power values are based on the fuel higher heating value (HHV). Natural gas: 110 MW (179.3 Mg d-1). 
b Generation efficiency (%) = total power generated × 100 / fuel input rate. Thermal efficiency (%) = [(total power generated + total process heat 

– power use by parasitic BIGCC) × 100 / fuel input rate]. 
c Gas turbine = total power by gas turbine – shaft power for gas turbine air compressor (not given). Total = gas turbine + steam turbine. 

d Power use by parasitic BIGCC was calculated based on power consumed by compressors, fans, and pumps with an electric motor efficiency of 

95%. 

 
 

 

Dryer exhaust treatment method Steam Tube Dryer Exhaust to Gas Turbine  Steam Tube Dryer Exhaust to Duct Burner 

Natural gas compression 1 MPa  2 MPa  1 MPa  2 MPa 

Generation efficiency b 32.0%  30.0%  29.6%  28.5% 

Thermal efficiency b 77.7%  75.6%  75.3%  74.1% 

Power Generation, MW 

Total power by gas turbine 59.3  75.5  46.9  58.6 

Gas turbine c 24.4  22.2  21.8  20.0 

Steam turbine 10.8  10.8  10.8  10.8 

Total c 35.2  33.0  32.6  31.3 

Power Use, MW 

Ethanol process 4.7  4.7  4.7  4.7 

Parasitic BIGCC d 0.2  0.4  0.2  0.4 

To grid 30.3  27.9  27.7  26.2 

Total 35.2  33.0  32.6  31.3 

Process Heat, MW 

Ethanol process 27.9  27.9  27.9  27.9 

Dryer 22.6  22.6  22.6  22.6 

Total 50.5  50.5  50.5  50.5 

Natural Gas Split, MW 

Gas turbine 91.6  78.1  76.0  65.2 

Duct burner 18.4  31.9  34.0  44.8 
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Abstract 

 

Superheated steam drying (SHSD) is a process that uses steam heated beyond its boiling point, in 

lieu of air, in a direct contact dryer to remove moisture from the wet material. Moisture removed 

in the form of superheated steam is readily condensed to provide heat for other applications and 

to recover the liquid water. A SHSD model was developed in Aspen Plus to determine energy 

and water recovery for drying the co-products, distillers wet grains (DWG) or DWG and syrup, 

in a corn ethanol plant. The SHSD model was integrated into a biomass integrated gasification 

combined cycle (BIGCC) model to produce heat and generate power at an ethanol plant. 

 

Results were compared to estimates for a steam tube dryer (STD), which uses air to remove 

moisture. Energy consumed for the SHSD was about 780 kJ/kg (335 Btu/lb) of water removed, 

and 1.3 liters of water was recovered per liter of ethanol produced. Energy consumption for the 

STD was about 2675 kJ/kg (1150 Btu/lb) of water removed with no water recovery. However, 

using superheated steam drying with a BIGCC system to provide heat and power at a fuel 

ethanol plant resulted in lower thermal efficiency and less power to the grid than steam tube 

drying because the more efficient drying process provided a smaller heat sink in which to 

discharge the waste heat from the power generation cycle. 

 

1. Introduction 

 

Drying of agricultural and industrial products requires significant amounts of energy. It is often 

one of the most energy intensive unit operations in a complex process. For example, 30 to 40% 

of process energy is required for coproduct drying at dry-grind fuel ethanol plants (De Kam, 

2008; Liska et al., 2009; Plevin, 2009). 

 

The energy requirement for drying is large because water removed from the product is 

evaporated and carried away as a vapor, usually in air, in most drying systems. One way to 

reduce the energy requirement is to condense the water after it leaves the dryer and capture the 

heat that is released. Although theoretically attractive, this is difficult to accomplish in many 

practical situations. 

 

One approach to this problem is superheated steam drying. Superheated steam drying (SHSD) is 

a process that uses steam heated beyond its boiling point, in lieu of air, in a direct contact dryer 
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to remove moisture from the wet material. Because air is not used it is sometimes referred to as 

“airless” drying. 

 

A schematic of a superheated steam drying system is shown in Fig. 1. 

 

Wet product (feed) is introduced into the superheated steam. In this example heat is added at two 

locations to insure that the steam is superheated as it enters the dryer and remains superheated 

throughout the process. After passing through the dryer, the mixture of dried product and 

superheated steam is separated in a cyclone. After the superheated steam leaves the cyclone, 

excess steam, equal to the amount of water dried from the product, is removed and the remainder 

is reheated and re-circulated through the dryer. 

 

Several experimental investigations on superheated steam drying of a variety of food and non-

food products have been conducted (van Deventer and Heijmans, 2001; Pronyk et al., 2004; 

Mujumdar, 2007; Karimi, 2010). It has been demonstrated that grain (e.g., rice) and grain-based 

products (e.g., brewers’ barley spent grain and distillers’ wheat spent grain) can be successfully 

dried using superheated steam at 110-180C and 1 atm (Pronyk et al., 2004; Taechapairoj et al., 

2004; Tang et al., 2005). Attempts have been made to develop theoretical mathematical models 

for simulating superheated steam drying (Iyota et al., 2001; Martinello et al., 2003; Tang et al., 

2004). A few studies have modeled superheated steam drying using Aspen Plus process 

simulation software when integrating the superheated steam dryer (for drying wood-based fuels) 

with the gaseous/liquid biofuel production systems (Gribik et al., 2007; Sassner and Zacchi, 

2008; Heyne and Harvey, 2009). 

 

Several manufacturers produce superheated steam or airless drying systems (e.g. GEA Barr-

Rosin, 2010; Keith Engineering, 2010). 

 

The objectives of this study are to: 

 

1. Develop a superheated steam drying model 

2. Integrate the superheated steam drying model into a biomass integrated gasification 

combined cycle (BIGCC) heat and power model for a fuel ethanol plant 

3. Evaluate overall system performance with superheated steam drying 

 

2. Model 

 

A model of a superheated steam dryer was developed in Aspen Plus. The application is drying of 

co-product, distillers dried grains with solubles (DDGS), at a dry-grind fuel ethanol plant. A 

schematic diagram of the superheated steam drying process model including condensation of 

vapor removed from the product and recovery of heat is shown in Fig. 2. 

 

A mixture of wet product (65% moisture) and recycled dry product (10% moisture) comes in 

direct contact with superheated steam in the dryer. Water vapor removed from the 35% moisture 

product becomes part of the superheated steam. The mixture of superheated steam and dried 

product is separated in the cyclone. Some of the dried product (DDGS) is removed and some 

recycled to reduce the moisture content of the product entering the dryer. 
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The dryer shown in Fig. 2 is assumed to operate at atmospheric pressure (1 atm); thus, the 

product temperature does not exceed 100
o
C as long as there is moisture in the product to 

evaporate. The superheated steam enters at 145
o
C (45

o
C of superheat) and exits at 105

o
C (5

o
C of 

superheat). All of the heat to superheat the steam is supplied prior to the product mixing with the 

steam in this dryer configuration, thus, it is referred to as a one heating location dryer. 

After the superheated steam leaves the cyclone, an amount of vapor equal to the water removed 

from the product in the dryer is separated for compression and condensing. The remainder is re-

circulated for drying. The water vapor removed is compressed to increase its condensing 

temperature and then run through a series of heat exchangers to preheat the fuel combustion air 

(air heater 1 – 864 kWth and air heater 2 – 1983 kWth) and to reheat the re-circulated superheated 

steam (superheater 1 – 21,249 kWth). The re-circulated superheated steam is brought to its final 

temperature (145
o
C) with process steam (superheater 2 – 2170 kWth). 

 

Thus, in this application vapor is condensed to recover energy for useful purposes and the 

resulting water is available for use in the ethanol process. 

 

There are several key elements of the superheated steam drying process. 

 

1. Even though the re-circulated steam cools as it gains evaporated water from the product in 

the dryer, it must remain superheated, i.e., above the saturated steam temperature (100
o
C in 

the example in Fig. 2), as it leaves the dryer. 

2. An amount of vapor equivalent to the water removed from the product must be continuously 

removed from the process. 

3. The vapor removed usually needs to be compressed to elevate its temperature so that it can 

either be used to provide process heat or can be used to run a backpressure turbine to 

generate power. 

4. The vapor removed needs to be condensed to recover energy and make it available to use as 

water in some other part of the process. 

5. The re-circulated superheated steam is heated to increase its level of superheat before it 

enters the dryer to provide capacity to transfer heat to evaporate water from the product as it 

passes through the dryer. 

6. Energy inputs to the system include process heat to partially reheat the re-circulated 

superheated steam, compressor energy to elevate the pressure/temperature of the vapor 

removed, and fan energy to re-circulate the superheated steam through the dryer and cyclone 

separator. 

 

We also modeled a superheated steam drying process with two heating locations. That model is 

shown schematically in Fig. 3. Two heat exchangers (superheater 1 – 11,150 kWth and 

superheater 3 – 10,151 kWth) are used to transfer heat from the condensing water vapor to the re-

circulating superheated steam. Additional heat is supplied to the re-circulating superheated steam 

from process steam in two other heat exchangers (superheater 2 – 434 kWth and superheater 4 – 

2100 kWth). Adding heat to the mixture of superheated steam and product at a second location 

significantly reduces the amount of superheated steam that needs to be re-circulated because heat 

is added in the location where water from the product is evaporated keeping the steam 

superheated. 
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A third conceptual model is shown in Fig. 4. We refer to this as a continuous heating model. The 

concept is that heat is supplied in the dryer as water is evaporated so that the vapor always 

remains superheated. The idea is to reduce the amount of superheated steam that needs to be re-

circulated. In this case, the theoretical amount of vapor that needs to be re-circulated is zero since 

heat is supplied at the point where water evaporates. However, in practice some amount of 

superheated steam will need to be re-circulated, so we assumed an amount equal to 10 times the 

water removal rate in the dryer. 

 

The superheated steam dryer performance is compared to a steam tube dryer producing DDGS at 

10% moisture. In a steam tube dryer, heat is supplied by condensing steam carried in tubes that 

run the length of the dryer. Vaporized moisture is carried away by air, and a large amount of 

exhaust is generated which requires treatment to remove volatile organic compounds (VOCs) 

produced in the process of drying (Svoboda et al., 2009). Because the vapor is mixed with air, it 

is difficult to recover energy and water by condensing the vapor. Detailed information on 

modeling a steam tube dryer can be found in De Kam et al. (2009a) and (2009b). 

Energy consumption in drying per unit of water removed is calculated with 

 

 
Where, Eprocess steam is the energy in the process steam used to reheat the re-circulating steam, 

Ecompress is the energy required to compress the separated water vapor, Efan is the fan energy 

required to re-circulate the superheated steam, and mwater is the water removed. 

 

3. Results and discussion 

 

Each drying system is integrated into a Biomass Integrated Gasification Combined Cycle 

(BIGCC) heat and power model for a fuel ethanol plant. Schematic diagrams of the systems 

involving superheated steam drying and steam tube drying are shown in Figs. 5 and 6, 

respectively. The systems are designed to meet the process energy needs of a 190 million liter 

(50 million gallon) per year dry-grind corn ethanol plant plus generate electricity for the plant 

needs as well as power to send to the grid. Both examples use syrup from the ethanol process 

plus corn stover to provide fuel for the process. The syrup is mixed with corn stover and dried in 

one of the dryers to provide dry fuel for the gasification process. The wet cake is dried in the 

other dryer to produce distillers dried grains (DDG). More details about the BIGCC modeling 

and application are found in Zheng et al. (2010). 

 

For the BIGCC system with the superheated steam dryers (Fig. 5), vapor from the dryers is 

compressed then condensed with energy recovered to preheat the combustion air and water 

recovered to return to the ethanol process. For the BIGCC system with steam tube dryers (Fig. 

6), vapor from the dryers is contained in the dryer exhaust air. The dryer exhaust air is mixed 

with additional air, and then compressed to provide combustion air for the gas turbine. The dryer 

exhaust reaches suitable temperatures in the gas turbine combustion process to oxidize volatile 

organic compounds (VOCs). 
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Dryer and BIGCC system performance for the steam tube and superheated steam dryer systems 

are compared in Table 1 for applications involving both corn stover and a mixture of syrup and 

corn stover as fuels. Superheated steam dryers with both one and two heating locations and 

continuous heating are included. 

 

For corn stover fuel (drying DDGS), the steam tube dryer system requires an energy input rate of 

22.6 MW thermal to evaporate water. The energy required is 2660 kJ/kg of water removed (1140 

Btu/lb of water removed). The superheated steam dryers require a mix of thermal energy and 

compressor power with a total energy input rate of 6.5, 6.4 and 6.6 MW for the one and two 

heating locations and continuous heating systems, respectively. Energy to evaporate water ranges 

from 759to 804 kJ/kg, or about 29 to 30% of the amount for the steam tube dryer. The 

superheated steam systems recover about 1.3 liters of water per liter of ethanol produced, while 

there is no water recovery for the steam tube dryer. Thus, the superheated steam dryer 

significantly reduces energy required for drying and reduces net water use compared to the steam 

tube dryer. Using two heating locations for the superheated steam dryer compared to one reduces 

the re-circulating superheated steam requirement by factor of approximately two. Continuous 

heating reduces the amount of re-circulating steam even further. As the amount of re-circulating 

steam decreases, fan power decreases; however, less fan power results in a small increase in 

process heat to meet the total energy requirements for evaporating water. 

 

Results are similar for the syrup and corn stover fuel. There are two dryers and slightly more 

water is removed than for the corn stover fuel case because the syrup and stover fuel is dried to 

10% moisture. Corn stover is assumed to have an initial moisture content of 13% and it is not 

dried when used alone as fuel. 

 

Although superheated steam drying results in less energy input for drying than steam tube 

drying, overall performance measured in terms of system thermal efficiency and power sent to 

the grid is better with the steam tube dryer rather than the superheated steam dryer in this 

application. Electricity generation is an important goal in this application. The ethanol process 

including fuel and co-product drying provides a place to exhaust waste heat, which is required 

for electricity generation. If less energy is required for drying, then there is less demand for 

waste heat; therefore, less electricity can be generated in order for the system to be in balance. 

If electricity generation were not a goal of the application, requiring a place to dump waste heat, 

then superheated steam drying would have advantages both in terms of reduced energy use and 

water demand. 

  

4. Conclusions 

 

A superheated steam drying process applied to biomass integrated gasification combined cycle 

(BIGCC) heat and power production at a fuel ethanol plant was modeled in Aspen Plus. The 

following conclusions were drawn from the analysis: 

• Superheated steam drying can save energy in co-product drying and reduce water use at a 

fuel ethanol plant. 

• Superheated steam drying used with a BIGCC system to provide heat and power at a fuel 

ethanol plant results in lower thermal efficiency and less power to the grid than steam tube 

drying. 
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• Superheated steam drying may have merit where electricity generation is not the goal. 
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Figure 1. Schematic of superheated steam drying system (GEA Barr-Rosin, 2010). 
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Figure 2. Schematic of superheated steam dryer to produce DDGS with 10% moisture (one 

heating location). 
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Figure 3. Schematic of superheated steam dryer (SSD) to produce DDGS with 10% moisture 

(two heating locations). 
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Figure 4. Schematic of superheated steam dryer (SSD) to produce DDGS with 10% moisture 

(continuous heating). 
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Figure 5. Schematic of BIGCC system using superheated steam dryers for syrup and corn stover 

fuel. 
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Figure 6. Schematic of BIGCC system using steam tube dryers for syrup and corn stover fuel. 
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Table 1. Comparison of dryer and BIGCC system performance for steam tube and superheated 

steam (SHS) dryers. 

 Corn Stover Fuela Syrup & Corn Stover Fuelb 

Steam 

Tube 

Dryer 

One 

Heating 

Location 

SHS Dryer 

Two 

Heating 

Location 

SHS Dryer 

Continuous 

Heating 

SHS Dryer 

Steam 

Tube 

Dryer 

One 

Heating 

Location 

SHS Dryer 

Two 

Heating 

Location 

SHS Dryer 

Continuous 

Heating 

SHS Dryer 

Process Heat, 

MW 
22.6 2.2 2.5 2.9 23.3 2.3 2.4 3.2 

Power, MW 0.0 4.3c 3.9c 3.7c 0.0 4.5d 4.3d 3.8d 

Total, MW 22.6 6.5 6.4 6.6 23.3 6.7 6.7 7.0 

Energy, kJ/kg 

water removed 
2660 765 759 779 2690 778 773 804 

Energy Relative 

to Steam Tube 

Dryer 

1.0 0.29 0.29 0.29 1.0 0.29 0.29 0.30 

Water Recov., 

liter water/liter 

ethanol 

0 1.3 1.3 1.3 0 1.3 1.3 1.3 

Re-circulated 

SHS, kg/h 
n.a. 1,138,000 563,000 306,500 n.a. 1,189,000 598,000 312,000 

Power 

Generation 

Efficiency 

31.3% 30.4% 30.4% 30.5% 30.7% 31.0% 31.1% 31.6% 

System Thermal 

Efficiency 
73.0% 49.2% 50.0% 50.6% 73.2% 50.0% 50.3% 54.1% 

Power to the 

Grid, MW 
25.1 19.4 19.9 20.2 24.7 20.1 20.6 21.2 

aOne dryer for the co-product distillers dried grains with solubles (DDGS) removing 30,650 kg/h of water. 
bTwo dryers – one for co-product distillers dried grains (DDG) and one for syrup & stover fuel removing a total of 31,200 kg/h 

(DDG – 17,300 kg/h, fuel – 13,900 kg/h) of water. 
cCompressor power is 3.5 MW, remainder is for SHS re-circulating fan. 
dCompressor power is 3.6 MW, remainder is for SHS re-circulating fan. 
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Abstract 

 

A life-cycle assessment (LCA) of corn ethanol was conducted to determine the reduction in the 

life-cycle greenhouse gas (GHG) emissions for corn ethanol compared to gasoline by integrating 

biomass fuels to replace fossil fuels (natural gas and grid electricity) in a U.S. Midwest dry-grind 

corn ethanol plant producing 190 million liter per year (50 million gallon per year) of denatured 

ethanol. The biomass fuels studied are corn stover and ethanol co-products [dried distillers grains 

with solubles (DDGS), and syrup (solubles portion of DDGS)]. The biomass conversion 

technologies/systems considered are process heat (PH) only systems, combined heat and power 

(CHP) systems, and biomass integrated gasification combined cycle (BIGCC) systems. 

 

The life-cycle GHG emission reduction for corn ethanol compared to gasoline is 38.9% for PH 

with natural gas, 57.7% for PH with corn stover, 79.1% for CHP with corn stover, 93.4% for 

natural gas combined cycle (NGCC), 124.1% for BIGCC with corn stover, and 116.5% for 

BIGCC with syrup and stover. Because the NGCC and BIGCC technologies can achieve life-

cycles that exceed 100% of gasoline, the effect of ethanol production and electricity production 

at such facilities can be considered carbon negative. These GHG emission estimates do not 

include indirect land use change effects. GHG emission reductions for CHP, NGCC, and BIGCC 

include power sent to the grid which replaces electricity from coal. BIGCC results in greater 

reductions in GHG emissions than NGCC with natural gas because biomass is substituted for 

fossil fuels. In addition, underground sequestration of CO2 gas from the ethanol plant’s 

fermentation tank could further reduce the life-cycle GHG emission for corn ethanol by 32% 

compared to gasoline. 

 

1. Introduction 

 

Currently, dry-grind corn ethanol plants depend on fossil fuels (i.e., natural gas and coal) to 

produce process heat and meet electricity demand. Biomass fuels such as corn stover can be 

substituted for generating process heat and electricity at ethanol plants. The corn ethanol plants 

can benefit in several ways by using biomass to produce process heat and electricity. They can: 

(i) reduce fossil energy inputs (i.e., improve the renewable energy balance for corn ethanol), (ii) 

reduce natural gas costs and obtain renewable energy related credits and incentives, (iii) generate 

renewable, dependable (base load) power that complements power from other renewable sources 

that are variable such as wind and solar, and (iv) decrease net greenhouse gas (GHG) emissions 
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(Morey et al., 2006; Wang et al., 2007; Plevin and Muller, 2008; De Kam et al., 2009a and 

2009b; Tiffany et al., 2009). 

 

Life-cycle GHG emissions for corn ethanol produced at a Midwest natural-gas-fired dry-grind 

corn ethanol plant recently have been estimated at 61 g MJ
-1

 carbon dioxide equivalent of 

denatured ethanol (containing 4.7% by volume of conventional gasoline denaturant) (Liska and 

Cassman, 2009; Plevin, 2009). Previous studies have shown that GHG emissions for corn 

ethanol can be reduced by using biomass fuels such as dried distillers grains with solubles 

(DDGS), wood chips, and corn stover to produce electricity and process steam at the ethanol 

plants (EPA, 2007; Wang et al., 2007; Plevin and Mueller, 2008). Wang et al. (2007) found that 

corn ethanol reduced life-cycle GHG emissions (relative to gasoline) by 28% for natural gas, 

36% for natural gas and syrup (solubles portion of DDGS), 39% for DDGS, and 52% for 

biomass (wood chips) as fuels to produce process heat at the ethanol plant (electricity is 

purchased from the grid). Plevin and Mueller (2008) reported that corn ethanol producers with 

natural gas-fired plants can reduce their GHG emissions much further by installing a biomass 

(corn stover) gasification system, dropping the life-cycle GHG emission from 61 to 36 g MJ
-1

 

carbon dioxide equivalent of denatured ethanol (containing 5% by volume conventional gasoline 

denaturant) for combined heat and power (CHP) configurations. Thus, switching from fossil 

fuels to biomass fuels can significantly increase corn ethanol’s GHG benefits. 

Most of these previous studies did not explore the full potential of biomass fueled electricity 

generation in reducing life-cycle GHG emissions at corn ethanol plants. De Kam et al. (2009a 

and 2009b) and Zheng et al. (2010) used Aspen Plus process simulation software to evaluate 

electricity generation potential of biomass CHP and biomass integrated gasification combined 

cycle (BIGCC) at corn ethanol plants. Their models included emissions [oxides of nitrogen 

(NOx), oxides of sulfur (SOx), and chlorine (HCl)] control for the integration of biomass 

fuels/systems at these plants. These analyses plus recent GHG emission estimates for corn stover 

supply logistics from Morey et al. (2010) provide a basis for a more complete analysis of the 

potential for improving the life-cycle GHG emissions of corn ethanol. 

 

Approximately one-third of the mass of corn entering the plant is converted to ethanol, one-third 

to distillers grains, and one-third to carbon dioxide (CO2). The CO2 captured in the top of the 

ethanol plant’s fermentation tank is almost pure CO2. In some cases, this CO2 is sold for food 

processing or other uses, but in many cases it is vented to the atmosphere. Thus, it may be 

possible to permanently sequester the fermenter CO2 underground to further reduce life-cycle 

GHG emissions for corn ethanol (Kheshgi and Prince, 2005). 

 

The objectives of this study are to evaluate potential reductions in life-cycle GHG emissions for 

corn ethanol by (i) using biomass fuels to generate electricity and provide process heat at corn 

ethanol plants, and (ii) sequestering ethanol plant’s fermentation CO2 gas underground. 

 

This study does not include estimates of the GHG emissions related to land use change effects, 

either direct or indirect, such as described by EPA (2009). The focus of our work is on 

technology that will reduce GHG emissions in the production of corn ethanol. Land use change 

effects are related to the total amount of ethanol that is produced, and become of interest if 

additional land is put into production as a result of producing corn for ethanol or other biofuels. 

Our goal is to reduce GHG emissions per MJ of ethanol produced so that there is the maximum 
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GHG reduction associated with whatever amount of corn and/or land that is used for producing 

ethanol. 

 

2. Life cycle assessment (LCA) methodology 

 

2.1 Goal and scope definition 

 

The goal of this study is to estimate the life-cycle GHG emissions from three greenhouse gases 

[carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O)] for ethanol produced at a U.S. 

Midwest dry-grind corn ethanol plant. The analysis is performed for a plant capacity of 190 

million liter (50 million gallon) of denatured ethanol per year integrated with different biomass 

technologies/systems to provide process heat and electricity; however, the results should be 

scalable to other plant capacities. The functional unit for the life-cycle analysis is production and 

combustion (use) of 1 MJ of energy (lower heating value) from denatured ethanol, containing 

2.0% (by volume) conventional gasoline denaturant.  

 

The system boundaries for the production and use of 1 MJ of denatured ethanol for the “base 

case” include corn production and transport; conversion of corn to ethanol; natural gas input; 

electricity import; co-product processing and distribution; denaturant contribution (production, 

transport, and combustion); ethanol distribution; ethanol (anhydrous) combustion; and farm 

equipment and biorefinery capital emissions. This study focuses on ethanol production in a 

recently built ethanol plant in the U.S. Midwest, average Midwest conditions for corn production 

with the input data derived from 2001 to 2010, and Midwest average grid electricity (Plevin, 

2009; Liska et al., 2009). 

 

When biomass fuels are used at the ethanol plant to replace fossil fuels, the “base case” system 

boundary is added with biomass (corn stover) production, processing, transport, and conversion 

by the heat only or combined heat and electricity production systems installed at the ethanol 

plant. The natural gas input is removed from the system boundary. The amount of electricity 

import depends on the amount of electricity produced at the ethanol plant from the biomass fuels. 

In addition, the system boundary includes emissions control chemicals (limestone, ammonia, and 

quicklime) used by biomass fuel conversion systems. Biorefinery capital emissions are assumed 

to be twice the base case. 

 

When ethanol plant fermentation CO2 gas is sequestered underground, the following processes 

are included in the system boundary: CO2 compression, truck transport, and injection in deep 

wells. 

 

Credit is assigned for avoided life cycle GHG emissions for products displaced by ethanol co-

product when sold as animal feed. When ethanol co-product is used as a fuel at the ethanol plant, 

credit is given for the excess electricity sent to the grid. However, indirect emissions for the 

reduction of co-product sold to the animal feed market due to the use of co-product as fuel at the 

ethanol plant are not included because of unknown co-product market-mediated effects. When 

corn stover is used as a fuel, nutrients (nitrogen, phosphorus, and potassium) are replaced for the 

removal of corn stover from the field. Credit for the use of ash produced from the biomass fuel 

conversions is not included in this study due to lack of literature data on the use of biomass ash.  
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In addition, this study does not include estimates of the GHG emissions related to land use 

change effects such as described by EPA (2009) for the reasons described in the introduction.  

 

2.2 Inventory analysis 

 

2.2.1 Corn ethanol plant 
 

A dry-grind corn ethanol plant with a capacity of 190 million liter per year (50 million gallon per 

year) of denatured ethanol is considered for the study. Life-cycle GHG emission estimates for 

ethanol production at a recently built Midwest dry-grind ethanol plant which uses natural gas to 

produce process heat and fossil fuel generated electricity (from the grid) are used as the base line 

(Liska and Cassman, 2009; Liska et al., 2009; Plevin, 2009). The denatured ethanol yield of 

0.412 dm
3
 kg

-1
 of corn is used for the analysis (McAloon et al., 2000 and 2004; Kwiatkowski et 

al., 2006). The following GHG emissions (g MJ
-1

carbon dioxide equivalent of denatured ethanol) 

data are obtained from Liska et al. (2009) with the suggestions made by Liska and Cassman 

(2009) and Plevin (2009): 36.2 g MJ
-1

 for corn production, 2.05 g MJ
-1

 for corn transportation, 

23.6 g MJ
-1

 for biorefinery natural gas input, 8.33 g MJ
-1

 for biorefinery electricity import, 0.45 g 

MJ
-1

 for biorefinery depreciable capital, and 1.4 g MJ
-1

 for ethanol transport to blend/sell. The 

GHG emissions from various inputs required for the average Midwest corn production are given 

in Table 1. The biorefinery natural gas input of 7.64 MJ dm
-3

 of denatured ethanol, and 

electricity import of 0.197 kWh dm
-3

 of denatured ethanol are used to derive respective GHG 

emissions (De Kam, 2008; De Kam et al., 2009a and 2009b; GREET, 2009; Plevin, 2009). 

 

The ethanol plant with a capacity 190 million liter per year (50 million gallon per year) of 

denatured ethanol produces 459 Mg d
-1

 of DDGS (i.e., 100% co-product mass) at 10% wet basis 

moisture content (USDA ARS Aspen Plus corn ethanol process simulation model analysis 

(McAloon et al., 2000 and 2004; Kwiatkowski et al., 2006). The co-product credit for use of 

DDGS as animal feed is assigned to be 19.4 g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol (Liska and Cassman, 2009). When the syrup portion of the DDGS is combusted, the co-

product credit is reduced in proportion to the reduction in the mass of DDGS. It is assumed that 

the co-product credit values of dried distillers grains with syrup (i.e., DDGS) and without syrup 

(i.e., DDG) are equal. Amaral et al. (2010) reported that the nutrient composition differences are 

small between DDGS and DDG; therefore, we believe that the above assumption is reasonable. 

 

The GHG emission (including production, transport, and combustion) of 92.3 g MJ
-1

 carbon 

dioxide equivalent of gasoline, and lower heating value (LHV) of 32.6 MJ dm
-3

 are assumed for 

the conventional gasoline (GREET, 2009). Thus, the GHG emission contribution for the 

production, transport, and combustion (CO2, CH4, and N2O) of 2% (by volume) conventional 

gasoline denaturant added with the ethanol is 2.8 g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol. The combustion emissions (CH4 and N2O) for the anhydrous portion of the denatured 

ethanol are derived from the combustion emissions for E85 fuel (i.e., a mixture of 85% denatured 

ethanol and 15% gasoline by volume) given in GREET (2009). The combustion emissions for 

the anhydrous portion of the denatured ethanol are estimated at 1.0 g MJ
-1

 carbon dioxide 

equivalent of denatured ethanol. The lower heating value (LHV) of denatured ethanol 

(containing 2.0% by volume conventional gasoline denaturant) of 21.5 MJ dm
-3

 is used for the 

analysis (GREET, 2009; Plevin, 2009). 
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2.2.2 Biomass heat and power systems 
 

Process heat (PH) only, combined heat and power (CHP), or biomass integrated gasification 

combined cycle (BIGCC) systems are integrated to provide process heat only or both process 

heat and electricity to the 190 million liter per year (50 million gallon per year) natural-gas-fired 

dry-grind corn ethanol plant. The technical analysis for integrating the biomass systems into the 

dry-grind corn ethanol process is described in detail in De Kam (2008), De Kam et al. (2009a 

and 2009b), and Zheng et al. (2010). The technical analysis was performed primarily using 

Aspen Plus process simulation software. Some of the important features are summarized here.  

 

The Aspen Plus model of the dry-grind corn ethanol process was obtained from the USDA 

Agricultural Research Service (ARS) (McAloon et al., 2000 and 2004; Kwiatkowski et al., 

2006), and was used as the basis for the biomass energy conversion system models that followed. 

The USDA ARS corn ethanol process model predicts that the yield of denatured ethanol is 0.412 

dm
3
 kg

-1
 of corn. The USDA ARS corn ethanol process model assumes that the final denatured 

ethanol contains 2.0% (by volume) of gasoline denaturant. The ethanol plant with a capacity of 

190 million liter per year (50 million gallon per year) produces 23 888 dm
3
 h

-1
of denatured 

ethanol while operating 7920 h y
-1

. The gasoline denaturant contribution to the life-cycle GHG 

emissions for corn ethanol is included in our study. The primary components of the corn ethanol 

process such as fermentation, distillation, and evaporation were not changed. Only those 

components impacted by using biomass fuels were modified. They included synthesis gas/steam 

generation (combustion or gasification), thermal oxidation, co‐product drying, and emissions 

control. 

 

Tables 2 and 3 provide the technical data from the Aspen Plus simulations of various biomass 

technologies/systems analyzed in this study. Biomass fuels included in the analysis are dried 

distillers grains with solubles (DDGS), corn stover, a mixture of corn stover and syrup (solubles 

portion of DDGS), and a mixture of syrup and natural gas. Four levels of technology were 

analyzed for providing energy at dry‐grind ethanol plants. They included: (1) Process heat (PH) 

only systems – the PH systems are modeled to meet the total steam demand (i.e., steam for 

ethanol process and co-product drying) of the plant and no electricity is generated; (2) Combined 

heat and power (CHP) systems involving a backpressure steam turbine – the CHP systems are 

modeled to provide both process heat and electricity for the plant. The limiting factor for the 

input fuel rate is that all of outlet steam from the turbine is to be used for ethanol production and 

co-product drying; (3) CHP plus additional electricity for the grid (also referred to as “CHP & 

electricity to grid”) systems including an extraction turbine and a condensing turbine – the fuel 

input rate is equal to the thermal energy content of all of the ethanol co-products (i.e., DDGS); 

and (4) Biomass integrated gasification combined cycle (BIGCC) systems to produce process 

heat and electricity for the plant with maximum electricity exported to grid. BIGCC involves a 

gas turbine and a steam turbine. The BIGCC system requires a slightly larger amount of fuel 

input rate than level three (i.e., CHP & electricity to grid case) with a limiting factor that all of 

the outlet steam from the steam turbine is needed to meet the total steam demand of the ethanol 

plant (Tables 2 and 3). Natural gas combined cycle (NGCC) systems were also evaluated o 

provide a basis for comparison to the BIGCC systems. 

 

Fluidized bed combustion was used for the conversion of corn stover, mixture of syrup and 

stover, and mixture of syrup and natural gas. Fluidized bed gasification was used for the 
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conversion of DDGS to overcome problems of slagging that occur with low ash fusion 

temperatures of certain biomass fuels. Twin-fluidized bed gasification (SilvaGas
®
 process) was 

used with the BIGCC systems. Appropriate drying modifications [such as use of a steam-tube 

dryer to dry co-products, and the use of biomass/synthesis gas combustors to destroy volatile 

organic compounds (VOCs) emitted from the dryer] were made to accommodate each 

configuration. The necessary emissions control technologies, primarily for oxides of nitrogen 

(NOx), oxides of sulfur (SOx), and chlorine (HCl), were also modeled for each configuration. The 

emissions control chemicals required are limestone (added to the combustor/gasifier), ammonia 

[used at boiler/heat recovery steam generator (HRSG)], and quicklime (used in the dry-scrubber) 

(Tables 2 and 3). 

 

The ethanol process heat demand is 27.9 MW (i.e., 4.20 MJ dm
-3

 of denatured ethanol) and the 

electricity demand is 4.7 MW (i.e., 0.197 kWh dm
-3

 of denatured ethanol). Co-product dryer 

energy demand is 22.8 MW (i.e., 3.44 MJ dm
-3

 of denatured ethanol) for producing DDGS, and 

12.8 MW (i.e., 1.93 MJ dm
-3

 of denatured ethanol) for producing dried distillers grains (DDG) 

when the syrup portion is combusted. The parasitic electricity demand for operating biomass 

systems including pumps, blowers, and compressors ranges from 0.6 to 4.7 MW (i.e., 0.025 to 

0.197 kWh dm
-3

 of denatured ethanol) (De Kam, 2008; Zheng et al., 2010). The process and 

dryer heat demands are met by all of the biomass systems studied. The ethanol plant electricity 

and parasitic electricity demands are met by the electricity produced from the CHP and BIGCC 

systems. However, the ethanol plant has to purchase electricity from the grid for the process heat 

only option.  

 

The credit for the excess electricity sent to the grid is estimated by assuming replacement of coal 

generated electricity at 35% efficiency. The combustion emission of coal for industrial boilers is 

107.5 g MJ
-1

 carbon dioxide equivalent of coal (GREET, 2009). Thus, the electricity credit is 

1105.5 g kWh
-1 

carbon dioxide equivalent. For the electricity purchased from the grid, the at-the-

plug life-cycle GHG emission for U.S. Midwest average grid electricity of 910 g kWh
-1

 carbon 

dioxide equivalent is used (Plevin, 2009). To estimate GHG emissions from the natural gas use, 

the life-cycle GHG emission for natural gas of 66.3 g MJ
-1

 carbon dioxide equivalent of natural 

gas, and the lower heating value (LHV) of 48.12 MJ kg
-1

 of natural gas are assumed (GREET, 

2009). 

 

The life-cycle GHG emissions for ammonia, limestone (CaCO3), and quicklime (CaO) are 2153, 

1059, and 1369 g kg
-1

 carbon dioxide equivalent, respectively (Environment Canada, 2008; 

GREET, 2009). The life-cycle GHG emissions for ammonia include production and transport 

emissions (GREET, 2009). Ammonia does not cause GHG emissions at the point of use (i.e., 

boiler/HRSG) (De Kam, 2008; De Kam et al., 2009a and 2009b; Zheng et al., 2010). The life-

cycle GHG emissions for limestone include 619 g kg
-1

 carbon dioxide equivalent for production 

and transport (GREET, 20009), and 440 g kg
-1

 carbon dioxide equivalent at the point of use (i.e., 

combustor/gasifier) (De Kam, 2008; Environment Canada, 2008; De Kam et al., 2009a and 

2009b; Zheng et al., 2010). The life-cycle GHG emissions for quicklime include 619 g kg
-1

 

carbon dioxide equivalent for production and transport of limestone (GREET, 2009), and 750 g 

kg
-1

 carbon dioxide equivalent for industrial limestone calcination process (Environment Canada, 

2008). Quicklime does not emit GHG at the point of use (i.e., dry-scrubber) (De Kam, 2008; De 

Kam et al., 2009a and 2009b; Zheng et al., 2010). 
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Tables 2 and 3 document the amount of ash produced from the biomass systems. The ash may 

have several potential uses such as a soil amendment with phosphorous, potash and lime. 

Because the use of ash as soil amendment has not been tested, we did not attribute any credits to 

the ash; however, this can be done in the future. 

 

2.2.3 Corn stover supply logistics 
 

The “field-to-facility” corn stover supply logistics system proposed by Morey et al. (2010) was 

modeled to deliver corn stover to the ethanol plant year around. The logistics system includes 

collection and transport of round net-wrapped bales to local storage sites within 3.2 km of the 

field during the fall harvest period. This stage is followed by processing at the local storage sites 

throughout the year using mobile units, which convert the bales by tub-grinding and roll-press 

compaction to produce a bulk compacted product with a bulk density of 240 kg m
-3

 to achieve 

22.7 Mg loads for truck delivery to the ethanol plant within a 48 km radius. The life-cycle GHG 

emissions for biomass (corn stover) production [includes nutrient (nitrogen, phosphorus, and 

potassium) replacement, collection/transport to local storage, and local storage/local storage loss] 

and biomass processing/transportation [includes tub-grinding/roll-press compaction, and truck 

transport of compacted corn stover] are 54.6 and 26.6 kg Mg
-1

 carbon dioxide equivalent of dry 

matter, respectively (Morey et al., 2010). The above life-cycle GHG emission values do not 

include any contribution for reduction in soil organic carbon (SOC) because Morey et al. (2010) 

assumed that corn stover annual removal rates are restricted to sustainable levels which do not 

reduce SOC (Wilhelm et al., 2007; Morey et al., 2010).  

 

2.2.4 Biomass conversion emissions 
 

Combustion emissions of CO2 are not included for biomass fuels because the CO2 released by 

biomass fuel was removed from the atmosphere during photosynthesis. Combustion of corn 

stover in industrial boilers emits 0.0036 g of CH4 and 0.0102 g of N2O per MJ of dry matter 

(GREET, 2009). Thus, the global warming potential (GWP) of corn stover combustion is 3.13 g 

MJ
-1

 carbon dioxide equivalent of dry matter (i.e., 52.35 kg Mg
-1

 carbon dioxide equivalent of 

dry matter). Due to the unavailability of measured combustion emissions data in the literature for 

syrup and DDGS, the corn stover emission data are scaled to syrup and DDGS based on their 

LHVs. The lower heating values of corn stover, syrup, and DDGS are 16.73, 18.19, and 20.24 

MJ kg
-1

 of dry matter, respectively (Morey et al., 2009). Thus, the combustion emissions for corn 

stover, syrup, and DDGS are 52.35, 56.92, and 63.33 g kg
-1

 carbon dioxide equivalent of dry 

matter, respectively. 

 

2.2.5 Fermentation CO2 sequestration 
 

The fermentation process at the 190 million liter per year (50 million gallon per year) dry-grind 

corn ethanol plant gives off 738 g CO2 gas dm
-3

 of denatured ethanol [USDA ARS Aspen Plus 

corn ethanol process simulation model (McAloon et al., 2000 and 2004; Kwiatkowski et al., 

2006)]. For the underground sequestration of the fermentation CO2, fermenter CO2 gas is 

compressed to 2 MPa, transported by truck 805 km round trip, and then further compressed to 10 

MPa for injection into 2600 m deep (existing) wells. The CO2 compression energy penalty is 

calculated based on Gielen (2003). The electrical energy consumption for compression of CO2 
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from 0.1 to 2 MPa and from 2 to 10 MPa are 55.56 and 38.89 kWh Mg
-1

 of CO2, respectively 

(Gielen, 2003). The tanker truck transport of compressed CO2 consumes 0.018 dm
3
 Mg

-1
 km

-1
 

diesel. The life-cycle GHG emission (including production, transport, and combustion) for diesel 

is assumed to be 91.6 g MJ
-1

 carbon dioxide equivalent of diesel (GREET, 2009). 

 

2.3 Impact assessment and interpretation 

 

The life-cycle impact category considered for this study is global warming potential (GWP) for 

the emissions contributed by the three greenhouse gases – carbon dioxide (CO2), methane (CH4) 

and nitrous oxide (N2O). The three greenhouse gases are aggregated on a carbon dioxide 

equivalent basis using the 100-year horizon global warming potential (GWP) factors of 1 for 

CO2, 25 for CH4 and 298 for N2O as recommended by the Intergovernmental Panel on Climate 

Change (Forster et al., 2007). Thus, the net life-cycle GHG emission for corn ethanol is 

determined as g MJ
-1

 carbon dioxide equivalent of denatured ethanol. The life-cycle GHG 

emission for corn ethanol is then compared to that of gasoline. The life-cycle GHG emission 

(including production, transport, and combustion) for gasoline is assumed to be 92.3 g MJ
-1

 

carbon dioxide equivalent of gasoline (GREET, 2009). We calculated the life-cycle impacts of 

technologies that could be involved with dry-grind corn ethanol production such as biomass for 

process heat (PH) only, CHP, CHP & electricity to grid, BIGCC, NGCC, and sequestration of 

fermentation CO2 using Microsoft Excel
®
 spreadsheet software. 

 

3. Results and discussion 

 

Input, output, and net life-cycle GHG emissions for corn ethanol produced for different biomass 

systems are given in Tables 4-7. In this study, the life-cycle GHG emission results for corn 

ethanol exclude indirect land use change related emissions. The life-cycle GHG emission for 

corn ethanol produced at a Midwest dry-grind corn ethanol plant fueled with natural gas (i.e., 

base case) is estimated at 56.4 g MJ
-1

 carbon dioxide equivalent of denatured ethanol, which 

represents 39% GHG emission reduction compared to gasoline. By replacing natural gas with 

biomass fuels (DDGS, corn stover, or syrup & stover) to produce process heat (PH) only, the 

life-cycle GHG emissions for corn ethanol can be reduced to 45%-58% compared to gasoline 

(Table 4).  

 

Using corn stover as fuel, combined heat and power (CHP) systems reduce the life-cycle GHG 

emissions by about 79%, and biomass integrated gasification combined cycle (BIGCC) systems 

reduce them by about 124% compared to gasoline (Tables 5 and 7). Using syrup and corn stover 

as fuel, CHP systems reduce the life-cycle GHG emissions by about 66%, and BIGCC systems 

reduce them by about 117% compared to gasoline (Tables 5 and 7). The decrease in life-cycle 

GHG emissions is due to both the reduction of fossil fuel inputs and the credits for biomass 

produced electricity which is sent to the grid to replace coal generated power. A life-cycle GHG 

emission reduction of more than 100% compared to gasoline makes the ethanol produced a 

carbon negative biofuel. This is only possible if significant amounts of biomass generated 

electricity are sent to the grid to replace coal generated power. The lower GHG emission 

reduction for syrup and stover is due to the fact that the co-product feed credit is less because of 

the reduction in the amount of co-product (DDG) sold to displace animal feed when the syrup is 

combusted at the ethanol plant (Tables 2 and 3). 
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A mixture of syrup and natural gas resulted in a greater life-cycle GHG emission reduction for 

corn ethanol than natural gas alone to produce process heat only (Table 4) or to produce 

combined heat and power (Table 5). This is due to the reduction in the amount of natural gas (a 

larger carbon footprint fuel) consumption when syrup (a lower carbon footprint fuel) is mixed. In 

addition, the natural gas systems for PH, CHP, and NGCC resulted in higher GHG emissions for 

corn ethanol compared to the results for biomass fuels (DDGS, corn stover, and syrup and 

stover). This is because natural gas has a larger carbon footprint than biomass fuels.  

Due to the export of a larger amount of electricity to the grid (Table 2), the “CHP & electricity to 

grid” systems (Table 6) resulted in a greater GHG emission reduction for corn ethanol than the 

CHP systems (Table 5). The largest GHG credit for electricity exported to the grid occurred for 

BIGCC systems (Tables 2-3 and 5-7). Also, the BIGCC systems resulted in the largest reduction 

of life-cycle GHG emissions for corn ethanol. 

 

NGCC system resulted in higher GHG emissions for corn ethanol compared to the results for 

BIGCC systems because natural gas has a larger carbon footprint than biomass fuels. However, 

the NGCC system resulted in significant reduction in life-cycle GHG emissions for corn ethanol  

compared to the results for the conventional natural gas fueled ethanol plant (i.e., base case) due 

to the significant amount of electricity sent to the grid (Tables 3 and 7). 

 

The fermentation process at the 190 million liter per year (50 million gallon per year) dry-grind 

corn ethanol plant produces 34.37 g of CO2 gas per MJ of denatured ethanol. The GHG penalty 

for compression of CO2 gas from 0.1 to 2 MPa, tanker truck transport to 805 km round trip, and 

final compression from 2 to 10 MPa for injection into deep wells are 1.74, 1.67, and 1.22 g MJ
-1

 

carbon dioxide equivalent of denatured ethanol, respectively. Thus, the net amount of 

fermentation CO2 sequestered is 29.74 g MJ
-1

 carbon dioxide equivalent of denatured ethanol. 

This analysis shows that the underground sequestration of fermenter CO2 alone could reduce the 

carbon footprint for corn ethanol by 32.2% compared to gasoline (Tables 4-7). Thus, the biomass 

CHP and BIGCC systems have life-cycle GHG emission reductions of 96 to 124% and 149 to 

156% compared to gasoline, respectively, including sequestration of fermenter CO2 (Figs. 1 and 

2, and Tables 5-7). Underground sequestration of the ethanol plant’s fermentation CO2 causes 

the ethanol to be carbon negative for several of the biomass powered systems (CHP, CHP & 

electricity to grid, and BIGCC) and NGCC systems.  

 

A significant aspect of the Renewable Fuel Standard (RFS-2) program (EPA, 2010) is the 

requirement that the life-cycle GHG emission of a qualifying renewable fuel must be less than 

the life-cycle GHG emission threshold specified in the Energy Independence and Security Act  

(EISA) of 2007 (United States, 2007). The EISA established life-cycle GHG emission thresholds 

(i.e., percent reduction from 2005 baseline average gasoline or diesel fuel) for the four renewable 

fuel categories which are 20% for Renewable Fuel, 50% for Advanced Biofuel, 50% for 

Biomass-based Diesel, and 60% for Cellulosic Biofuel (United States, 2007; EPA, 2010). The 

above EISA life-cycle GHG emission thresholds include relevant indirect land use change GHG 

emissions whereas the results from our study do not include indirect land use change GHG 

emissions. Our results show that the corn ethanol produced by substituting process heat or 

process heat and electricity derived from biomass fuels may achieve the 50% GHG reduction 

threshold defined for the advanced biofuel category. However, current interpretation of the RFS 
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(United States, 2007; RFA, 2010) excludes ethanol derived from corn starch from the advanced 

biofuel category even though it may achieve 50% GHG reduction. Individual states such as 

California pursuing low carbon fuel standard (LCFS) goals may find ethanol with significant 

GHG emission reduction attractive for their needs. 

 

4. Conclusions 

 

In this study, we estimated the life-cycle greenhouse gas (GHG) emissions reduction for corn 

ethanol compared to gasoline by replacing fossil fuels with different biomass fuels [corn stover, 

dried distillers grains with solubles (DDGS), and syrup (solubles portion of DDGS)] processed in 

different conversion systems [process heat (PH) only, combined heat and power (CHP), and 

biomass integrated gasification combined cycle (BIGCC)] to produce process heat and electricity 

at the ethanol plant. 

 

Ethanol produced with biomass CHP or BIGCC resulted in much greater reductions in life-cycle 

GHG emissions compared to gasoline than ethanol produced with natural gas. Ethanol produced 

in BIGCC systems resulted in over 100% reduction in life-cycle GHG emissions compared to 

gasoline. The ethanol produced in this way is a carbon negative biofuel. Production of substantial 

amounts of renewable electricity from biomass and the replacement of base-load, coal generated 

electricity was responsible for these significant reductions. Moreover, the NGCC system resulted 

in significant reduction (93.4%) in life-cycle GHG emissions for corn ethanol compared to 

gasoline due to the large amount of electricity sent to the grid. 

 

Underground sequestration of an ethanol plant’s fermenter CO2, alone, could reduce the carbon 

footprint for corn ethanol by 32% compared to gasoline and could make even ethanol produced 

with a natural gas fueled NGCC system a carbon negative biofuel. 
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Figure 1. Life-cycle greenhouse gas reductions for corn ethanol compared to gasoline for CHP, 

CHP + Grid, and BIGCC systems (excludes indirect land use change effects). 

 

 

 

Figure 2. Life-cycle greenhouse gas reductions for corn ethanol compared to gasoline for CHP, 

BIGCC, and NGCC systems (excludes indirect land use change effects). 
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Table 1. Greenhouse gas (GHG) emissions (g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol) inventory for average Midwest corn production (Liska and Cassman, 2009; Liska et al., 

2009; Plevin, 2009). 
a
 

GHG emission category g MJ-1 

Nitrogen fertilizer (N) 5.23 

Field N2O emissions 14.32 

Field CO2 from urea 0.56 

Phosphorus fertilizer (P) 0.66 

Potassium fertilizer (K) 0.50 

Lime 3.54 

Field CO2 from lime 2.48 

Herbicide 1.44 

Pesticide 0.07 

Seed 0.22 

Farm gasoline 0.55 

Farm diesel 2.59 

Farm LPG 1.12 

Farm natural gas 0.62 

Farm electricity 1.13 

Farm depreciable capital 1.13 

Total 36.17 

Note: CO2 = carbon dioxide; LPG = liquefied petroleum gas; N2O = nitrous oxide. 
a The corn yield is 9570 kg ha-1, and the total GHG emission for average Midwest corn production is 3066 kg ha-1 carbon dioxide 

equivalent (Liska and Cassman, 2009; Liska et al., 2009; Plevin, 2009). The yield of denatured ethanol is 0.412 dm3 kg-1 of corn 

(McAloon et al., 2000 and 2004; Kwiatkowski et al., 2006). The lower heating value (LHV) of denatured ethanol (containing 

2.0% by volume conventional gasoline denaturant) is 21.5 MJ dm-3 (GREET, 2009; Liska et al., 2009). 
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Table 2. Technical data for various PH and CHP biomass systems integrated with a 190 million 

liter per year (50 million gallon per year) dry-grind corn ethanol plant (De Kam, 2008; De Kam 

et al., 2009a and 2009b; Zheng et al., 2010). 
a
 

Biomass 

systems 

Fuel (dry matter) use 

(kg dm-3 of denatured ethanol) b 

Total 

fuel  

energy 
input 

rate 

(MW) 
c 

Chemicals used for emissions control 

(g dm-3 of denatured ethanol) 

Co-product 

(DDGS/DDG) 

at 10% (w.b.) 
moisture 

content to be 

sold 

(Mg d-1) 

Power 

to grid 

(MW) 
d 

Ash 

produced 

(Mg d-1) 

DDGS Stover Syrup Natural 

gas 

Limestone  

(Combustor/Gasifier) 

Ammonia 

(Boiler/HRSG)  

Quicklime 

(Dry-
scrubber)  

DDGS gasification 

PH only 0.49 NA NA NA 65.5 28.92 0.52 5.22 152 -5.4 31.7 

CHP 0.59 NA NA NA 78.7 35.14 0.98 6.34 85 5.2 38.5 

CHP & 

electricity 

to grid 

0.72 NA NA NA 96.6 43.18 1.54 7.79 0 9.6 47.3 

Stover combustion 

PH only NA 0.54 NA NA 59.7 2.01 0.50 0.37 459 -6.0 22.1 

CHP NA 0.65 NA NA 72.6 2.45 0.76 0.41 459 4.6 26.9 

CHP & 
electricity 

to grid 

NA 0.87 NA NA 96.9 3.27 1.11 0.49 459 10.7 35.8 

Syrup and stover combustion 

PH only NA 0.21 0.30 NA 58.9 27.17 0.89 2.36 271 -5.7 34.4 

CHP NA 0.30 0.30 NA 69.3 27.52 1.04 2.58 271 2.8 38.4 

CHP & 

electricity 
to grid 

NA 0.55 0.30 NA 96.5 28.43 1.36 3.17 271 9.6 48.6 

Syrup and natural gas combustion 

PH only NA NA 0.30 0.07 58.0 26.38 0.75 2.37 271 -5.7 25.9 

CHP NA NA 0.30 0.10 68.0 26.38 0.79 2.59 271 2.8 26.0 

Note: CHP = combined heat and power; DDG = dried distillers grains; DDGS = dried distillers grains with solubles; HRSG = heat recovery 
steam generator; NA = not applicable; PH = process heat. 

a The yield of denatured ethanol is 0.412 dm3 kg-1 of corn (McAloon et al., 2000 and 2004; Kwiatkowski et al., 2006). The 190 million 

liter per year (50 million gallon per year) corn ethanol plant produces 23 888 dm3 h-1of denatured ethanol, and the ethanol plant operates 7920 h y-

1 (McAloon et al., 2000 and 2004; Kwiatkowski et al., 2006). 
b Moisture contents (w.b.) of DDGS, syrup, and corn stover are 10%, 67%, and 13%, respectively. The co-product is DDGS for DDGS 

gasification, and stover combustion systems. The co-product is DDG for syrup and stover combustion, and syrup and natural gas combustion 

systems. 
c All fuel energy values are based on the lower heating value (LHV) of the fuel dry matter. 
d Negative values refer to power purchased from the grid by the ethanol plant. Positive values refer to power exported to the grid from the ethanol 

plant with CHP and BIGCC systems after meeting the plant’s all of the electricity demand. 
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Table 3. Technical input data for estimation of life-cycle greenhouse gas emissions for BIGCC 

and NGCC systems integrated with a 190 million liter per year (50 million gallon per year) dry-

grind corn ethanol plant (Zheng et al., 2010). 
a
 

Combined cycle 

system b 

Fuel (dry matter) use  

(kg dm-3 of denatured ethanol) 
c 

Total 

fuel 

energy 

input 

rate 

(MW) d 

Chemicals used for emissions control 

(g dm-3 of denatured ethanol) 

Co-product 

(DDG/DDGS) 

at 10% w.b. 

moisture 

content to be 

sold (Mg d-1) 

Power 

to grid 

(MW) 

Ash 

produced 

(Mg d-1) 

Corn 

stover 

Syrup Natural 

gas 

Limestone  

(Combustor/Gasifier) 

Ammonia 

(Boiler/HRSG) 

Quicklime 

(Dry-

scrubber) 

BIGCC with syrup 

and corn stover 

0.600 0.295 NA 102.2 10.50 0.13 0.62 271 24.7 38.9 

BIGCC with corn 

stover 

0.925 NA NA 102.6 1.27 0.11 0.22 459 24.6 36.2 

NGCC with 

natural gas 

NA NA 0.313 99.8 NA 0.16 NA 459 30.3 NA 

Note: BIGCC = biomass integrated gasification combined cycle; DDG = dried distillers grains; DDGS = dried distillers grains with solubles; 

HRSG = heat recovery steam generator; NA = not applicable; NGCC = natural gas combined cycle; VOCs = volatile organic compounds. 
a The yield of denatured ethanol is 0.412 dm3 kg-1 of corn. The 190 million liter per year (50 million gallon per year) corn ethanol plant produces 
23,888 dm3 h-1 of denatured ethanol, and the ethanol plant operates 7920 h y-1 (GREET, 2009; Liska et al., 2009). Excess power is exported to the 

grid from the ethanol plant after meeting the plant’s all of the electricity demand. 
b The combined cycle systems are modeled with steam tube dryer, dryer exhaust treated in the gas turbine, and gas compression pressure of 1 
MPa (2 stage). 
c Moisture contents (w.b.) of corn stover and syrup are 13% and 66.8%, respectively. The co-product is DDG when the fuel is syrup and corn 

stover. The co-product is DDGS when the fuel is corn stover or natural gas.  
d All fuel energy values are based on the lower heating value (LHV) of the fuel dry matter. On a higher heating value (HHV) basis, the total fuel 

input rate is 110 MW for both BIGCC and NGCC systems. 
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Table 4. Greenhouse gas (GHG) emissions (g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol) inventory for corn-ethanol life cycle for a Midwest dry-grind corn ethanol plant 

integrated with process heat (PH) only systems fueled with DDGS, stover, syrup and stover, and 

syrup and natural gas. 

GHG emission category g MJ-1 for base case 

with natural gas 

g MJ-1 for PH only systems with different fuels 

DDGS Stover Syrup and 

stover 

Syrup and 

natural gas 

Input 

Corn and biomass production      

Corn production 36.2 36.2 36.2 36.2 36.2 

Biomass (stover) production NA NA 1.37 0.53 NA 

Biorefinery      

Corn transportation 2.05 2.05 2.05 2.05 2.05 

Biomass processing/transportation NA NA 0.67 0.26 NA 

Natural gas input 23.6 NA NA NA 10.4 

Electricity import 8.33 9.57 10.6 10.1 10.1 

Denaturant contribution 2.80 2.80 2.80 2.80 2.80 

Limestone (Combustor/Gasifier) NA 1.43 0.10 1.34 1.30 

Ammonia (Boiler/HRSG) NA 0.05 0.05 0.09 0.08 

Quicklime (Dry-scrubber) NA 0.33 0.02 0.15 0.15 

Biomass conversion (CH4 and N2O) NA 1.44 1.31 1.29 0.78 

Depreciable capital 0.45 0.89 0.89 0.89 0.89 

Ethanol transport to blend/sell 1.40 1.40 1.40 1.40 1.40 

Output 

Ethanol (anhydrous) combustion 1.0 1.0 1.0 1.0 1.0 

Co-product (DDGS/DDG) feed credit a -19.4 -6.4 -19.4 -11.5 -11.5 

Electricity exported to grid credit NA NA NA NA NA 

Net (i.e., input + output) 

Life-cycle net GHG emissions for ethanol (g MJ-

1) 

56.4 50.7 39.1 46.6 55.7 

GHG reduction relative to gasoline (%) b 38.9% 45.1% 57.7% 49.5% 39.6% 

Fermentation CO2 sequestration 

Fermentation CO2 sequestration (g MJ-1) -29.7 -29.7 -29.7 -29.7 -29.7 

Life-cycle net GHG emissions for ethanol after 

sequestration (g MJ-1) 

26.6 21.0 9.3 16.9 26.0 

GHG reduction after sequestration relative to 

gasoline (%) b 

71.1% 77.3% 89.9% 81.7% 71.9% 

Note: CH4 = methane; CO2 = carbon dioxide; DDG = dried distillers grains; DDGS = dried distillers grains with solubles; HRSG 

= heat recovery steam generator; NA = not applicable; N2O = nitrous oxide. 
a The co-product is DDGS when the fuel is natural gas (base case), DDGS, or stover. The co-product is DDG when the fuel is 

syrup and stover, or syrup and natural gas. 
b The life-cycle GHG emission of gasoline is 92.3 g MJ-1 carbon dioxide equivalent of gasoline (GREET, 2009). 
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Table 5. Greenhouse gas (GHG) emissions (g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol) inventory for corn-ethanol life cycle for a Midwest dry-grind corn ethanol plant 

integrated with CHP systems fueled with DDGS, stover, syrup and stover, syrup and natural gas, 

and natural gas. 

GHG emission category g MJ-1 for base 

case with natural 

gas 

g MJ-1 for CHP systems with different fuels 

DDGS Stover Syrup and 

stover 

Syrup and 

natural gas 

Natural 

gas (EPA, 

2007) a 

Input 

Corn and biomass production       

Corn production 36.2 36.2 36.2 36.2 36.2 36.2 

Biomass (stover) production NA NA 1.66 0.77 NA NA 

Biorefinery       

Corn transportation 2.05 2.05 2.05 2.05 2.05 2.05 

Biomass processing/transportation NA NA 0.81 0.38 NA NA 

Natural gas input 23.6 NA NA NA 15.1 29.5 

Electricity import 8.33 NA NA NA NA 0.93 

Denaturant contribution 2.80 2.80 2.80 2.80 2.80 2.80 

Limestone (Combustor/Gasifier) NA 1.73 0.12 1.36 1.30 NA 

Ammonia (Boiler/HRSG) NA 0.10 0.08 0.10 0.08 NA 

Quicklime (Dry-scrubber) NA 0.40 0.03 0.16 0.17 NA 

Biomass conversion (CH4 and N2O) NA 1.73 1.59 1.52 0.78 NA 

Depreciable capital 0.45 0.89 0.89 0.89 0.89 0.89 

Ethanol transport to blend/sell 1.40 1.40 1.40 1.40 1.40 1.40 

Output 

Ethanol (anhydrous) combustion 1.0 1.0 1.0 1.0 1.0 1.0 

Co-product (DDGS/DDG) feed credit b -19.4 -3.6 -19.4 -11.5 -11.5 -19.4 

Electricity exported to grid credit NA -11.2 -9.9 -6.0 -6.0 NA 

Net (i.e., input + output) 

Life-cycle net GHG emissions for ethanol 

(g MJ-1) 

56.4 33.5 19.3 31.1 44.3 55.3 

GHG reduction relative to gasoline (%) c 38.9% 63.7% 79.1% 66.3% 52.1% 40.1% 

Fermentation CO2 sequestration 

Fermentation CO2 sequestration (g MJ-1) -29.7 -29.7 -29.7 -29.7 -29.7 -29.7 

Life-cycle net GHG emissions for ethanol 

after sequestration (g MJ-1) 

26.6 3.7 -10.4 1.4 14.5 25.6 

GHG reduction after sequestration relative 

to gasoline (%) c 

71.1% 96.0% 111.3% 98.5% 84.3% 72.3% 

Note: CH4 = methane; CHP = combined heat and power; CO2 = carbon dioxide; DDG = dried distillers grains; DDGS = dried distillers grains 
with solubles; HRSG = heat recovery steam generator; NA = not applicable; N2O = nitrous oxide. 
a Gas turbine/supplemental-fired heat recovery steam generator (HRSG) was modeled by EPA (2007). Electric output was sized to meet plant 

demand. Supplemental firing was needed in the HRSG to augment steam recovered from the gas turbine exhaust. 
b The co-product is DDGS when the fuel is natural gas (base case, and CHP case), DDGS, or stover. The co-product is DDG when the fuel is 

syrup and stover, or syrup and natural gas. 
c The life-cycle GHG emission of gasoline is 92.3 g MJ-1 carbon dioxide equivalent of gasoline (GREET, 2009). 
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Table 6. Greenhouse gas (GHG) emissions (g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol) inventory for corn-ethanol life cycle for a Midwest dry-grind corn ethanol plant 

integrated with “CHP & electricity to grid” systems fueled with DDGS, stover, syrup and stover, 

and natural gas. 

GHG emission category g MJ-1 for base case 

with natural gas 

g MJ-1 for CHP & electricity to grid systems with 

different fuels 

DDGS Stover Syrup and 

stover 

Natural gas 

(EPA, 2007) 
a 

Input 

Corn and biomass production      

Corn production 36.2 36.2 36.2 36.2 36.2 

Biomass (stover) production NA NA 2.22 1.39 NA 

Biorefinery      

Corn transportation 2.05 2.05 2.05 2.05 2.05 

Biomass processing/transportation NA NA 1.08 0.68 NA 

Natural gas input 23.6 NA NA NA 45.2 

Electricity import 8.33 NA NA NA NA 

Denaturant contribution 2.80 2.80 2.80 2.80 2.80 

Limestone (Combustor/Gasifier) NA 2.13 0.16 1.40 NA 

Ammonia (Boiler/HRSG) NA 0.15 0.11 0.14 NA 

Quicklime (Dry-scrubber) NA 0.50 0.03 0.20 NA 

Biomass conversion (CH4 and N2O) NA 2.12 2.13 2.12 NA 

Depreciable capital 0.45 0.89 0.89 0.89 0.89 

Ethanol transport to blend/sell 1.40 1.40 1.40 1.40 1.40 

Output 

Ethanol (anhydrous) combustion 1.0 1.0 1.0 1.0 1.0 

Co-product (DDGS/DDG) feed credit b -19.4 0.0 -19.4 -11.5 -19.4 

Electricity exported to grid credit NA -20.7 -23.0 -20.7 -39.9 

Net (i.e., input + output) 

Life-cycle net GHG emissions for ethanol (g 

MJ-1) 

56.4 28.5 7.6 18.1 30.2 

GHG reduction relative to gasoline (%) c 38.9% 69.1% 91.8% 80.4% 67.2% 

Fermentation CO2 sequestration 

Fermentation CO2 sequestration (g MJ-1) -29.7 -29.7 -29.7 -29.7 -29.7 

Life-cycle net GHG emissions for ethanol after 

sequestration (g MJ-1) 

26.6 -1.2 -22.1 -11.6 0.5 

GHG reduction after sequestration relative to 

gasoline (%) c 

71.1% 101.3% 124.0% 112.6% 99.5% 

Note: CH4 = methane; CHP = combined heat and power; CO2 = carbon dioxide; DDG = dried distillers grains; DDGS = dried distillers grains 

with solubles; HRSG = heat recovery steam generator; NA = not applicable; N2O = nitrous oxide. 
a Gas turbine with power export was modeled by EPA (2007). Thermal output was sized to meet plant steam load without supplemental firing and 

excess power was generated for export. 
b The co-product is DDGS when the fuel is natural gas (base case, and CHP & electricity to grid case), DDGS, or stover. The co-product is DDG 
when the fuel is syrup and stover. 
c The life-cycle GHG emission of gasoline is 92.3 g MJ-1 carbon dioxide equivalent of gasoline (GREET, 2009). 



3-20 

 

 Table 7. Greenhouse gas (GHG) emissions (g MJ
-1

 carbon dioxide equivalent of denatured 

ethanol) inventory for corn-ethanol life cycle for a Midwest dry-grind corn ethanol plant 

integrated with BIGCC and NGCC systems. 
a
 

GHG emission category g MJ-1  

for base case with 

natural gas 

g MJ-1 for combined cycle systems with different fuels 

BIGCC with syrup and 

corn stover 

BIGCC with 

corn stover 

NGCC with 

natural gas 

Input 

Corn and biomass production     

Corn production 36.2 36.2 36.2 36.2 

Biomass (corn stover) production NA 1.52 2.35 NA 

Biorefinery     

Corn transportation 2.05 2.05 2.05 2.05 

Biomass processing/transportation NA 0.74 1.15 NA 

Natural gas input 23.6 NA NA 46.4 

Electricity import 8.33 NA NA NA 

Denaturant contribution 2.80 2.80 2.80 2.80 

Limestone (Combustor/Gasifier) NA 0.52 0.06 NA 

Ammonia (Boiler/HRSG) NA 0.01 0.01 0.02 

Quicklime (Dry-scrubber) NA 0.04 0.01 NA 

Biomass conversion (CH4 and N2O) b NA 2.24 2.25 NA 

Depreciable capital 0.45 0.89 0.89 0.89 

Ethanol transport to blend/sell 1.40 1.40 1.40 1.40 

Output 

Ethanol (anhydrous) combustion 1.0 1.0 1.0 1.0 

Co-product (DDGS/DDG) feed credit c -19.4 -11.5 -19.4 -19.4 

Electricity exported to grid credit NA -53.2 -53.0 -65.3 

Net (i.e., input + output) 

Life-cycle net GHG emissions for ethanol 

(g MJ-1) 

56.4 -15.3 -22.2 6.1 

GHG reduction relative to gasoline (%) d 38.9% 116.5% 124.1% 93.4% 

Fermentation CO2 sequestration     

Fermentation CO2 sequestration (g MJ-1) -29.7 -29.7 -29.7 -29.7 

Life-cycle net GHG emissions for ethanol 

after sequestration (g MJ-1) 

26.6 -45.0 -52.0 -23.6 

GHG reduction after sequestration relative 

to gasoline (%) d 

71.1% 148.8% 156.3% 125.6% 

Note: BIGCC = biomass integrated gasification combined cycle; CH4 = methane; DDG = dried distillers grains; DDGS = dried distillers grains 
with solubles; HRSG = heat recovery steam generator; NA = not applicable; NGCC = natural gas combined cycle; N2O = nitrous oxide; VOCs = 

volatile organic compounds. 
a The combined cycle systems are modeled with steam tube dryer, dryer exhaust treated in the gas turbine, and gas compression pressure of 1 
MPa (2 stage). 
b Carbon dioxide (CO2) emitted from biomass conversion is not included because the CO2 released by biomass fuel was removed from the 

atmosphere during photosynthesis. 
c The co-product is DDGS when the fuel is natural gas (base case, and NGCC case) or corn stover. The co-product is DDG when the fuel is syrup 

and corn stover. 
d The life-cycle GHG emission of gasoline is 92.3 g MJ-1 carbon dioxide equivalent of gasoline (GREET, 2009). 
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Abstract 

 

We evaluated the economics, energy inputs, and greenhouse gas (GHG) emissions for a 

proposed “field to facility” corn stover logistics system. The system included collection and 

transport by round bales to local storages within 3.2 km (2 miles) of the field during the fall 

harvest period followed by processing at the local storage sites throughout the year using mobile 

units which converted the bales to bulk material by tub-grinding and roll-press compacting to 

240 kg/m
3
 (15 lb/ft

3
) to achieve 22.7 t (25 ton) loads for truck delivery to an end user within a 48 

km (30 mile) radius. 

 

The total cost and fossil energy consumption for delivering the bulk corn stover (15% moisture) 

to end users were $81/t ($74/ton) and 936 MJ/t, respectively. The total fossil energy consumption 

was equivalent to approximately 7% of the energy content of corn stover. The life-cycle GHG 

emission for heat and power applications was approximately 114 kg CO2e/t at 15% moisture or 8 

g CO2e/MJ of dry matter including emissions for logistics and combustion, but excluding those 

associated with soil organic carbon (SOC) loss. Our estimates show that as a fuel for heat and 

power applications, corn stover reduced life-cycle GHG emissions by factors of approximately 8 

and 14 compared to natural gas and coal, respectively. 

 

1. Introduction 

 

Users of biomass need a consistent supply throughout the year. However, in the Upper Midwest 

collection/harvesting of herbaceous biomass is limited to certain times of the year, usually late 

summer or fall. A system is needed to collect, store, accumulate, process, densify (briquette or 

pellet), and deliver consistent, dense, free-flowing material to the users throughout the year. 

Collection/harvesting occurs on an agricultural cycle (late summer or fall time frame) while the 

use of biomass occurs on an industrial cycle which requires a continuous supply throughout the 

year. A key component requiring new approaches is the step involving accumulation of biomass 

stored at numerous field or farm sites and delivery to a processing facility or end user throughout 

the year in a form that is easy to handle and efficient to transport. 
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There have been several logistics systems proposed to transport biomass from the field to a 

conversion facility. Transport of baled (round or rectangular) biomass or ground/chopped 

biomass has been studied by several researchers (Sokhansanj et al., 2006a and 2006b; Wright et 

al., 2006; Brechbill and Tyner, 2008; Cundiff and Grisso, 2008; Petrolia, 2008). In addition to 

the high cost of transportation per unit mass of biomass delivered, handling baled or 

ground/chopped biomass materials would be difficult due to their low bulk densities. Most 

logistics studies involving bales or ground/chopped biomass have suggested increasing the bulk 

density of biomass to reduce the transportation cost and improve the handling of biomass 

(Jenkins et al., 1984; Mukunda et al., 2006; Sokhansanj and Fenton, 2006; Hess et al., 2007; 

Petrolia, 2008). Biomass materials can be densified into cubes, pellets, or briquettes using 

current technologies; however, the added cost of densification makes the feedstock more 

expensive (Sokhansanj and Turhollow, 2004; Sokhansanj et al., 2009). 

 

The objective of this paper is to evaluate economic, fossil energy, and greenhouse gas (GHG) 

emission impacts of a corn stover logistics system including: 1) collection and delivery to local 

storages within 3.2 km (2 mile) of the field in the fall, and 2) bale to bulk processing at the local 

storages followed by truck transport to a large end user within a 48 km (30 mile) radius 

throughout the year.  

 

2. The proposed system 

 

We will summarize the proposed system and then discuss each component in more detail in 

following sections. Collection/harvesting of corn stover occurs after harvest of the corn grain. It 

involves stalk shredding to increase the amount of harvestable stover and to facilitate drying to 

the target moisture content of 15%. The stover is then raked, baled (round), and transported to 

local storages within 3.2 km (2 mile) of the field in the fall. Drawing stover from a 3.2 km (2 

mile) radius for local storage is intended to strike a balance between the distance to move bales 

from the field at harvest and the desire to accumulate sufficient biomass [at least 181 t (200 ton)] 

for a minimum of one full day of bale to bulk processing at each site. 

 

Baled material is processed at the local storages throughout the year and transported to an end 

user. The concept is to convert the bales to a bulk material with a density of at least 240 kg/m
3
 

(15 lb/ft
3
) to allow for transport by trucks that will load out based on maximum weight [22.7 t 

(25 ton)] rather than volume. Bales are chopped or coarsely ground. The ground material is then 

compacted and loaded on trucks for delivery as a bulk product to the user. Kaliyan et al. (2009) 

evaluated a tub-grinding/roll-press compaction process to increase biomass bulk density to 240 

kg/m
3
 (15 lb/ft

3
). Converting to a bulk form of biomass has additional advantages: 1) it 

eliminates potential problems associated with transporting bales that have lost their shape or 

structure because they have been in storage for a period of time, 2) material is easier to receive 

and handle for the end user, and 3) partial grinding or size reduction reduces the amount of 

processing required for further use. 

 

The motivation for the logistics system is to provide biomass to meet the heat and power needs 

of a large scale user such as a corn ethanol plant. A 190 million liter (50 million gallon) per year 

ethanol plant would require around 450 t (500 ton) per day of corn stover to meet heat and power 

needs (De Kam et al., 2009; Tiffany et al., 2009). We believe this type of logistics system is 
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applicable to many areas of the western corn belt in the US, e.g., Southern Minnesota, Iowa, 

South Dakota, and Nebraska. 

 

Performance measures including cost, life-cycle fossil energy input, and life-cycle GHG 

emission per tonne of biomass delivered to the end user are calculated with an Excel spreadsheet. 

The life-cycle GHG emissions related to the various logistics operations are calculated using the 

GHG emission metric “kg of CO2 equivalent per tonne of corn stover (kg CO2e/t)”. The GHG 

emission metric of kg of CO2 equivalent per tonne of corn stover is calculated by using the 100-

year global warming potential (GWP) factors of 1 kg CO2/kg CO2, 25 kg CO2/kg CH4, and 298 

kg CO2/kg N2O (IPCC, 2007): kg CO2e/t = [kg CO2 + (25  kg CH4) + (298  kg N2O)]/t. In this 

study, we ignored the energy and GHG emission impacts related to the manufacturing and 

disposal of farm machinery, vehicles, and other equipment. The documentation of GHG 

emissions are expected to become increasingly important for businesses as international treaties 

and federal policies such as cap and trade are implemented. 
 

2.1 Collection and transport to local storage 

 

The corn stover collection process includes shredding to increase the amount of harvestable 

stover and to facilitate drying to the target moisture content of 15% followed by raking, and 

round baling [567 kg (1250 lb) bales] after harvest of the corn grain in the fall. Bales are then 

moved to a local storage within 3.2 km (2 mile) of the field. This process typically occurs in a 4 

to 6 week period from October to mid-November in the study region. Finding suitable time 

periods for shredding, raking, and round baling corn stover (15% moisture) is a critical step in 

the collection process. 

 

Assumptions made for corn and stover yields, corn stover collection as round-bales, and the 

storage of bales at local storage sites are given in Table 1. We assumed 70% corn stover removal 

per unit land area with collection every other year that corn is grown resulting in an average 

removal rate of 35% per year. This leads to more efficient, less costly collection with less 

compaction than harvesting 35% of the stover each year. System components and capacities, 

costs, fuel/energy use, and GHG emissions related to various field operations are summarized in 

Table 2. System specifications are based on suggestions from a custom harvestor who has 

successfully baled (average 15% moisture) and transported large volumes of corn stover to local 

storages over multiple years in Southern Minnesota using up to six balers and two bale movers 

(Woodford, 2008; Austin, 2009). 

 

2.2 Nutrient replacement and soil organic carbon 

 

We considered nutrient replacement for the material removed from the field. Nutrient 

replacement estimates from various sources are summarized in Table 3, along with values we 

chose for this study. Table 4 provides cost, life-cycle energy and life-cycle GHG emissions for 

the nutrient replacement. 

 

Soil organic carbon (SOC) reductions have implications for sustainability of the production 

process as well as contributing to greenhouse gas emissions as SOC stored in the soil decreases. 

Some research suggests that the SOC changes could be significant, but there is no agreement in 
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the literature (Lal et al., 2004; Spatari et al., 2005; Sawyer and Mallarino, 2007a; Anderson-

Teixeira et al., 2009).  

 

Wilhelm et al. (2007) estimate allowable levels of corn stover removable to sustain SOC. At a 

grain yield of 12.6 t/ha (200 bushels/acre) under continuous corn and no or conservation tillage, 

they estimate that 30 to 35% of stover could sustainably be removed. Lower levels of removal 

would be required to sustain SOC for cases with lower yields, moldboard plowing, or corn-

soybean rotations (Wilhelm et al., 2007). In this study, we did not quantify SOC changes from 

stover removal, but the system is based on sustainable removal rates of an average of 35% per 

year. 

 

2.3 Payment to farmer/landowner 

 

Payment to the farmer is assumed to be $7.50/t ($6.80/ton) at 15% (w.b.) moisture content in 

addition to the payment for nutrient replacement. 

 

2.4 Local storage 

 

The round, net-wrapped bales are assumed to be stored uncovered at the local storage sites; thus, 

no storage structure is involved. The bales are assumed to be stored on a level surface in a line 

running north-south with the ends (diameter) butted tightly together with no obstructions to 

shade the bales, and the spacing between rows is 0.9 m (3 ft) (Shinners et al., 2007; Nickel, 

2008). The storage cost estimate is based on the land required for storage plus the average loss 

during storage. The bale storage cost was estimated at 36¢/t (33¢/ton) assuming a land rent 

charge of $494/ha ($200/acre). 

 

Shinners et al. (2007) reported that net-wrapped round bales [1.17 m (3.8 ft) width  1.52 m (5.0 

ft) diameter] of corn stover resulted in an average of 10% dry matter loss after seven to eight 

months (October/November to June) of outdoor storage in Arlington, Wisconsin. The bales were 

covered with 2.5 layers of to-edge net wrap. The initial moisture content of the corn stover was 

about 20% (w.b.) and the final moisture content at the end of storage was about 39% (w.b.). 

Richey et al. (1982) found that the dry matter loss of corn stover [1.7 m (5.6 ft) width  1.7 m 

(5.6 ft) diameter round bales with 12 wraps of twine] stored outdoors for seven months increased 

from 10% to 23% when the initial moisture content of the corn stover increased from 14% to 

33% (w.b.).  

 

In this analysis, the storage period ranges from 1 month to 11 months. Also, since the corn stover 

bales were assumed to be collected at 15% (w.b.) moisture content and covered with four layers 

of net-wrap, we assumed an average storage loss of 5% for the range of storage periods. A 

storage loss of 5% means that 5% more corn stover is delivered to storage than is removed. Thus, 

an amount equal to 5% of the total for all categories (collection, nutrient replacement, payment 

to farmer) that occur prior to local storage is added to account for storage loss when calculating 

the total cost, energy input, and GHG emissions per unit of material delivered to the end user. 

We believe this system will work for bales that are stored into early spring, but greater losses 

may be expected for bales that are going to be stored until late spring and summer. If losses 

become too large it may be necessary to introduce some type of covered storage to reduce losses 
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of bales scheduled to be processed for delivery to the user in late spring and summer. We have 

not factored covered storage into the analysis at this point. Covered storage systems will likely 

be implemented when the cost of the losses exceeds the cost of some type of effective cover. 

 

2.5 Bale to bulk processing at the local storage 

 

Processing will occur throughout the year with mobile units moving from site to site. We 

assumed 1800 hours of processing per year, which would average about 36 hours per week over 

50 weeks. We expect crews would work 8 to 10 hours per day requiring about 4 work days out of 

7 to achieve the required hours of processing. Each local storage should contain at least 181 t 

(200 ton) [320 bales at 567 kg (1250 lb) each] to allow for a full day’s operation at the site. We 

assume that the end user will have at least 1 to 2 weeks of storage to allow for short-term 

interruptions in processing at the local storages due to weather conditions. 

 

A portable processing unit with a capacity of 22.7 t/h (25 ton/h) or 181 t/day (200 ton/day) 

involving tub-grinding, roll-press compaction to 240 kg/m
3
 (15 lb/ft

3
), and loading trucks [22.7 t 

(25 ton) each] is proposed. A tub-grinder is a portable device in which a hammer mill applies 

impact and cutting forces yielding a range of particle sizes depending on the screen sizes used for 

the grinding process (Arthur et al., 1982; Wright et al., 2006). A roll-press compactor has two 

counter-rotating rolls and a hopper above the rolls (Pietsch, 1991; Dec, 2002). The tub-ground 

material is fed to the rolls through the hopper. The tub-ground material is densified by 

compression between the rolls (Kaliyan et al., 2009).  

 

Material flows directly from the tub-grinder to the roll-press compactor and then in to the semi-

trailer. Important operating information and cost data for bale to bulk processing are summarized 

in Table 5. In this study, the initial moisture content of corn stover is assumed to be 15% (w.b.) 

(Table 1). According to Kaliyan et al. (2009), the roll press compactor would perform well in the 

moisture content range of 10% to 20% (w.b.). 

 

2.6 Truck transport to the end user 

 

Bulk compacted corn stover is transported by truck in 22.7 t (25 ton) loads to end users. We 

assumed that local storage sites for corn stover were uniformly distributed within a 48 km (30 

mile) radius of the end user for the base case. The average straight line one-way hauling distance 

is 32 km (20 mile) [i.e., 2/3 of radius]. The average round-trip hauling distance assuming a 

winding factor of 1.3 is 84 km (52 mile). 

To reduce productivity losses of waiting for trucks, we assume the use of additional “drop 

trailers”. In this way, tub-grinding and roll-press compacting can continue with space to load an 

additional trailer. When a truck returns to the remote site, an empty trailer is “dropped” and a 

trailer full of compacted biomass is hauled away. We assume that equipment is available to 

achieve high unloading rates at the end user. Also, the costs for materials handling and storage at 

the facility are the responsibility of the end user; thus, our analysis stops at the point of delivery 

to the facility. Cost, energy, and GHG emissions for truck transport are summarized in Table 6. 
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2.7 Heat and power (combustion) applications 

 

An important potential application of corn stover is to replace natural gas or coal to meet heat 

and power needs at large scale users such as ethanol plants. To compare corn stover as a 

replacement for these fossil fuels, the emissions associated with combustion are needed. 

Although as a biomass fuel, the CO2 emissions are considered carbon neutral, methane (CH4) 

and nitrous oxide (N2O) emissions associated with the combustion must be considered. The CH4 

and N2O emissions for corn stover combustion amount to 3.13 g CO2e/MJ of dry matter 

(GREET, 2009). 

 

3. Results and discussion 

 

The total cost and life-cycle fossil energy consumption for corn stover logistics are $81.29/t 

($73.75/ton) and 936 MJ/t, respectively (Table 7). The life-cycle GHG emission for corn stover 

logistics and combustion is 114 kg CO2e/t (Table 7). The life-cycle GHG emission value does 

not include any contribution for reduction in soil organic carbon loss because of our restrictions 

on corn stover annual removal of 35%. While there is uncertainty related to allowable removal 

levels on particular soils, we believe our 35% removal assumption is reasonable. 

 

The four operations in the actual logistics process (collection/transport to local storage, local 

storage and loss, tub-grinding/roll-press compaction, and truck transport) comprise almost 67% 

of the total cost, approximately 56% of the life-cycle fossil energy input, but only about 33% of 

the life-cycle GHG emissions for heat and power applications. Over half (38% out of 67%) of 

the cost is attributed to the collection/transport to local storage step. This suggests that focusing 

on cost reduction, particularly for collection/transport to local storage, will be an important 

activity for these key operations in any logistics system. 

 

Truck transport to the end user contributes 8.7, 6.7, and 4.2% to total cost, life-cycle fossil 

energy use, and life-cycle GHG emissions, respectively, for transport within a 48 km (30 mile) 

radius. Doubling the radius from 48 km (30 mile) to 96 km (60 mile) increases total cost, life-

cycle fossil energy use, and life-cycle GHG emissions by another 8.7, 6.7, and 4.2%, 

respectively, while increasing the area from which to draw corn stover by a factor of 4. 

Increasing the radius by a factor of 4 from 48 km (30 mile) to 192 km (120 mile) would increase 

the area from which to draw corn stover by a factor of 16 while increasing total cost, life-cycle 

fossil energy use, and life-cycle GHG emissions by 26.0, 20.1, and 12.7%, respectively. 

The lower heating value (LHV) of corn stover is 16.7 MJ/kg of dry matter (Morey et al., 2009). 

Thus, the total fossil energy consumption for nutrient replacement, collection, processing at the 

local storage, and transport to the end user is equivalent to approximately 6.6% of the energy 

content of the biomass. The total life-cycle GHG emission is 8.0 g CO2e/MJ of dry matter 

including combustion. 

 

The life-cycle GHG emissions for corn stover, natural gas, and coal as fuels for heat and power 

applications are compared in Fig. 1. These estimates show that for heat and power applications, 

corn stover reduces life-cycle fossil GHG emissions by factors of approximately 8 and 14 

compared to natural gas and coal, respectively. 
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4. Summary and conclusions 

 

In this study, we modeled a corn stover logistics system that included collection and transport of 

corn stover (15% moisture) as net-wrapped round bales to local storages within 3.2 km (2 mile) 

of the field in the fall. This stage was followed by processing at the local storage sites throughout 

the year using mobile units which converted the bales to bulk material by tub-grinding and roll-

press compacting to 240 kg/m
3
 (15 lb/ft

3
). Bulk compacted corn stover is then loaded on trucks 

and delivered as 22.7 t (25 ton) loads to an end user within a 48 km (30 mile) radius. Other 

components of the logistics system were payment to the farmer for participation, nutrient 

replacement, and local storage loss. For the assumptions made for the proposed corn stover 

logistics system, we found the following: 

 

 Delivered cost is $81/t ($74/ton).  

 Fossil energy input is about 7% of energy in corn stover. 

 Life-cycle GHG emissions are about 114 kg of CO2e/tonne including combustion, but 

excluding soil organic carbon loss. 

 Collection/transport to local storage, local storage and loss, tub-grinding/roll-press 

compaction, and truck transport comprise almost 67% of the total cost, but only about 33% 

of the life-cycle GHG emissions. 

 Truck transport within a 48 km (30 mile) radius of the end user contributes 8.7% to total 

cost, but only 4.2% to life-cycle GHG emissions. 

 For heat and power applications, life-cycle GHG emissions for corn stover fuel are 

approximately 8 g CO2e/MJ of dry matter, which amounts to an 8 or 14 times reduction in 

GHG emissions compared to natural gas or coal fuels, respectively. 
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Figure 1. Life-cycle greenhouse gas emissions for heat and power applications. The GHG data 

for natural gas and coal include upstream (i.e., fuel production and distribution) and combustion 

emissions as fuels in industrial boilers (GREET, 2009). 
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Table 1. Assumptions/variables used for corn stover collection/transport to local storage. 

Assumptions/Variables Value 

Corn grain yield (#2 yellow corn) at 15.5% moisture (wet basis) 12.6 t/ha (200 bushels/acre) 

Yield of stover as fraction of corn grain, dry matter/dry matter 1 

Corn stover moisture in round bales 15% (wet basis) 

Corn stover removed at 70% of above ground mass per unit land 

area (removal every other corn year; average removal of 35% per 

year) 

7.4 t dry matter/ha (3.3 ton dry matter/acre) [8.7 t/ha (3.9 

ton/acre)] 

Weight of round bales [4 wraps of HDPE net-wrap per bale of 1.8 

m (6 ft) diameter  1.5 m (5 ft) long] 

567 kg (1250 lb)/bale (wet basis) 

Average round-trip distance from field to local bale storage site 5.6 km (3.47 mile) [i.e., average round trip hauling 

distance in a 3.2 km (2 mile) radius with a winding factor 

of 1.3] 
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Table 2. Collection and local storage of corn stover by a farmer/custom operator.
▲

 

Operation Tractor/ 

Power Unit 

Size, kW 

(hp) 

Machine 

Capacity 

Fuel Diesel 

Use, L/t 

(gal/ton) * 

Lubricant Oil 

Use, L/t 

(gal/ton) & 

Cost, $/t 

($/ton)  

Life-Cycle 

Energy, 

MJ/t # 

Life-Cycle 

GHG Emission, 

kg CO2e/t  

Stalk shredding, 

6 m (20 ft) width 
 

97 (130) 3.2 ha/h 

(7.8 acre/h) 

0.789 

(0.189) 

0.005 

(0.0011) 

$2.54 

($2.30) 

34.02 2.59 

Raking, 9 m (30 

ft) width  

78 (105) 10.6 ha/h 

(26.2 

acre/h) 

0.189 

(0.045) 

0.001 

(0.0003) 

$1.54 

($1.40) 

8.15 0.62 

Baling, large 

round bales ** 

119 (160) 3.8 ha/h 

(9.5 acre/h) 

0.798 

(0.191) 

0.004 

(0.0011) 

$21.16 

($19.20) 

34.38 2.62 

Bale moving 

from field to 

storage site *** 

149 (200) 17.7 t/h 

(19.5 ton/h) 

1.503 

(0.360) 

0.008 

(0.0020) 

$5.51 

($5.00) 

64.76 4.93 

Total -- -- 3.279 

(0.786) 

0.019 

(0.0044) 

$30.75 

($27.90) 

196.89  13.13  

▲Mass or weight is defined at 15% (wet basis) moisture content unless otherwise indicated. 

* Diesel consumption was assumed to be 0.223 L of diesel per PTO kW per hour (0.044 gallons of diesel per PTO horsepower-hour) on 

average for each implement type (Lazarus, 2008). 

& Oil consumption was estimated according to ASABE Standards (2009). 

 Average custom rate cost data given by Edwards and Smith (2008) and Woodford (2008). 

# Life-cycle energy (MJ/t) = [gal of diesel plus oil (i.e., fossil fuel)/ton of corn stover  135.89 MJ/gal of fossil fuel] / [0.9072  fossil fuel 

efficiency]. GREET (2009) provides a fossil fuel efficiency of 0.8377 to account for upstream energy consumption for fossil fuel production and 

distribution. 

 Life-cycle GHG emission (kg CO2e/t) = [gal of diesel plus oil (i.e., fossil fuel)/ton of corn stover  135.89 MJ/gal of fossil fuel  0.0909 kg 

CO2e/MJ of fossil fuel] / 0.9072. GREET (2009) suggests an upstream (i.e., fuel production and distribution) emission factor and combustion 

emission factor of 17.23 and 73.64 g CO2e/MJ of diesel fuel, respectively, for farm tractors. 

 For example, John Deere 120 Drawn Flail Shredder, www.deere.com. 

 For example, John Deere 705 Twin Rake, www.deere.com. 

** For example, Vermeer 605 SUPER M Cornstalk Special Baler, www.vermeerag.com. The baling cost includes the cost of net-wrap at 4 

wraps per bale which is $2.59/bale or $4.56/t ($4.14/ton). 

*** For example, Highline Bale Mover 1400, www.highlinemfg.com. The capacity of the bale mover was calculated based on an average 

round-trip distance of 3.47 mile (5.6 km), an average tractor speed of 14 mile/h (22.5 km/h), 14 bales per round-trip, 7 min of total bale-loading 

time, and 5 min of total bale-unloading time based on a custom operator’s experience (Woodford, 2008). The 14 bales on the bale mover are 

positioned in two rows of 7 each, end to end, which allows for rapid unloading in parallel rows at the local storage. 

 Total includes 55.59 MJ/t and 2.37 kg CO2e/t for life-cycle energy and GHG emission, respectively, for bale net-wrap [0.73 kg of net-wrap/t 

of corn stover (1.47 lb/ton)] made from HDPE (Pilz et al., 2005). 
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Table 3. Summary of nutrients replaced for corn stover. 

Source Nitrogen, kg/t dry matter 

(lb/ton dry matter) 

Phosphorus  

(P2O5), kg/t dry matter 

(lb/ton dry matter) 

Potassium 

(K2O), kg/t dry matter 

(lb/ton dry matter) 

Sheehan et al. (2004) 8.8 (17.6) 0.6 (1.2) 7.2 (14.4) 

Spatari et al. (2005) 7.5 (15.0) 2.9 (5.8) 12.5 (25.0 ) 

Sawyer and Mallarino (2007b) * 7.4 (14.8) 2.9 (5.9) 12.7 (25.4) 

Brechbill and Tyner (2008) 7.9 (15.9) 2.9 (5.9) 15.0 (30.0) 

Petrolia (2008) 0.0 (0.0) 3.1 (6.2) 16.5 (33.0) 

* Nutrient replacement values used in our study. 
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Table 4. Nutrient replacement for corn stover removal.
▲

 

Nutrient/ 

Emission 

Source 

Fertilizer Used Price per 

Unit Mass of 

Fertilizer, $/t 

($/ton) # 

Price per 

Unit Mass 

of Nutrient, 

$/kg ($/lb) 

Mass of Nutrient 

Replaced per 

Unit Mass of 

Corn Stover 

Removed, kg/t 

dry matter 

(lb/ton dry 

matter) 

Cost, $/t 

($/ton) 

Life-

Cycle 

Energy, 

MJ/t * 

Life-Cycle 

GHG 

Emission, kg 

CO2e/t * 

Nitrogen Anhydrous 

ammonia 

$479.51 

($435.00) 

$0.60 

($0.27) 

7.4 (14.8) $3.68 

($3.34) 

283.12 16.44 

Phosphorus 

(P2O5) 

Diammonium 

phosphate 

$386.91 

($351.00) 

$0.82 

($0.37) 

2.9 (5.9) $2.04 

($1.85) 

35.03 2.58 

Potassium 

(K2O) 

Potash $752.88 

($683.00) 

$1.26 

($0.57) 

12.7 (25.4) $13.55 

($12.29) 

94.59 7.33 

N2O emission 

from nitrogen 

fertilizer & 

-- -- -- -- -- -- 39.03 

N2O credit due 

to corn stover 

removal  

-- -- -- -- -- -- -34.33 

Total -- -- -- -- $19.26 

($17.47) 

412.74 31.04 

▲Mass or weight is defined at 15% (wet basis) moisture content unless otherwise indicated. 

# Quoted Fall 2009 Southwest MN prices. 

* The life-cycle energy for nitrogen, P2O5, and K2O is 45.01, 13.97, and 8.76 MJ/kg of nutrient, respectively (GREET, 2009). 

The life-cycle GHG emission for nitrogen, P2O5, and K2O is 2.61, 1.03, and 0.68 kg of CO2e/kg of nutrient, respectively 

(GREET, 2009). 

& Nitrogen in N2O emitted as % of nitrogen in nitrogen-fertilizer = 1.325% (GREET, 2009). 

 Nitrogen in N2O avoided per unit of nitrogen in corn stover removed = -1.25% dry basis (GREET, 2009). The nitrogen 

content of corn stover = 0.69% dry basis (Morey et al., 2009). 
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Table 5. Bale to bulk processing of corn stover by an aggregator.
▲

 

Operation Tractor/Power 

Unit Size, kW 

(hp) 

Machine 

Capacity, 

t/h (ton/h) 

Fuel Diesel 

Use, L/t 

(gal/ton) * 

Lubricant 

Oil Use, L/t 

(gal/ton) & 

Cost, $/t 

($/ton) 

Life-

Cycle 

Energy, 

MJ/t # 

Life-Cycle 

GHG 

Emission, kg 

CO2e/t  

Feeding bales 

into tub-grinder 

with a tractor 

and front-end 

loader 

97 (130) 22.7 (25) 0.477 

(0.114) 

0.006 

(0.0013) 

$2.08 

($1.89) 

20.69 1.58 

Tub grinding of 

bales  

403 (540)  22.7 (25) 4.507 

(1.080)  

0.020 

(0.0048) 

$5.18 

($4.70) 

193.98 14.83 

Roll-press 

compacting of 

tub-ground corn 

stover particles  

45 (60) ** 22.7 (25) 0.441 

(0.106) 

0.003 

(0.0007) 

$2.48 

($2.25) 

19.01 1.45 

Payment to 

aggregator 

-- -- -- -- $3.75 

($3.40) 

-- -- 

Total -- -- 5.425 

(1.300) 

0.028 

(0.0068) 

$13.49 

($12.24) 

233.68 17.85 

▲Mass or weight is defined at 15% (wet basis) moisture content unless otherwise indicated. 

* Diesel consumption was assumed to be 0.223 L of diesel per PTO kW per hour (0.044 gallons of diesel per PTO 

horsepower-hour) on average for each implement type (Lazarus, 2008). 

& Oil consumption was estimated according to ASABE Standards (2009). 

# Life-cycle energy (MJ/t) = [gal of diesel plus oil (i.e., fossil fuel)/ton of corn stover  135.89 MJ/gal of fossil fuel] / [0.9072 

 fossil fuel efficiency]. GREET (2009) provides a fossil fuel efficiency of 0.8377 to account for upstream energy consumption 

for fossil fuel production and distribution. 

 Life-cycle GHG emission (kg CO2e/t) = [gal of diesel plus oil (i.e., fossil fuel)/ton of corn stover  135.89 MJ/gal of fossil 

fuel  0.0913 kg CO2e/MJ of fossil fuel] / 0.9072. GREET (2009) suggests an upstream (i.e., fuel production and distribution) 

emission factor and combustion emission factor of 17.23 and 74.02 g CO2e/MJ of diesel fuel, respectively, for stationary 

reciprocating engines (tub-grinder and roll-press compactor). The GHG emission factors suggested for farm tractors were used to 

estimate the life-cycle GHG emission for the bale-feeding tractor (Table 2; GREET, 2009).  

 Fixed cost of tub-grinder equals $2.43/t ($2.20/ton) based on the following: first cost = $390,000; salvage value = 10% of 

first cost; operating hours = 1800 h/year; life = 5 years; interest rate = 6%; and annual repair costs = 3% of first cost. The cost for 

insurance and housing is calculated based on procedures from Lazarus (2008). 

 Data from Vermeer TG5000 tub-grinder (Vermeer Corporation, Pella, IA; www.vermeer.com). 

 Fixed cost of roll-press compactor equals $1.87/t ($1.70/ton) based on the following: first cost = $300,000; salvage value = 

10% of first cost; operating hours = 1800 h/year; life = 5 years; interest rate = 6%; and annual repair costs = 3% of first cost. The 

cost for insurance and housing is calculated based on procedures from Lazarus (2008). 

** Estimate based on roll-press design procedures given by Johanson (1965) and Dec (2002). 
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Table 6. Truck transport of compacted corn stover to users.
▲

 

Operation Power Unit Truck 

Load, t 

(ton) 

Fuel Diesel 

Use, L/t 

(gal/ton) 

Lubricant Oil 

Use, L/t 

(gal/ton) 

Cost, $/t 

($/ton)  

* 

Life-

Cycle 

Energy, 

MJ/t # 

Life-Cycle 

GHG 

Emission, kg 

CO2e/t  

Trucking of 

compacted corn 

stover by semi-

truck to users 

Semi-truck with a 

diesel consumption 

of 0.018 L/t-km 

(0.007 gal/ton-mile) 

22.7 

(25) 

1.447 

(0.347) 

0.009 

(0.0021) 

$7.05 

($6.40) 

62.36 4.78 

Total -- -- 1.447 

(0.347) 

0.009 

(0.0021) 

$7.05 

($6.40) 

62.36 4.78 

▲Mass or weight is defined at 15% (wet basis) moisture content unless otherwise indicated. 

* We assumed the cost of the dedicated semi-truck transport is $800 per day. In a day, semi-truck can make five round-trips 

for a user located at 84 km (52 mile) per round-trip, totaling 418 km (260 mile) of driving per day. 

# Life-cycle energy (MJ/t) = [gal of diesel plus oil (i.e., fossil fuel)/ton of corn stover  135.89 MJ/gal of fossil fuel] / [0.9072 

 fossil fuel efficiency]. GREET (2009) provides a fossil fuel efficiency of 0.8377 to account for upstream energy consumption 

for fossil fuel production and distribution. 

 Life-cycle GHG emission (kg CO2e/t) = [gal of diesel plus oil (i.e., fossil fuel)/ton of corn stover  135.89 MJ/gal of fossil 

fuel  0.0916 kg CO2e/MJ of fossil fuel] / 0.9072. GREET (2009) suggests an upstream (i.e., fuel production and distribution) 

emission factor and combustion emission factor of 17.23 and 74.35 g CO2e/MJ of diesel fuel, respectively, for heavy-duty trucks. 
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Table 7. Cost, life-cycle fossil energy consumption, and life-cycle GHG emission for corn 

stover.
▲

 

Operation Cost  Life-Cycle Energy  Life-Cycle GHG Emission 

$/t ($/ton) %  MJ/t %  kg CO2e/t % 

Payment to farmer for participation $7.50 ($6.80) 9.2  -- --  -- -- 

Nutrient replacement (N-P-K) $19.26 ($17.47) 23.7  412.7 44.1  31.0 27.3 

Collection/transport to local storage $30.75 ($27.90) 37.8  196.9 21.0  13.1 11.6 

Local storage cost/local storage loss # $3.24 ($2.94) 4.0  30.5 3.3  2.2 1.9 

Tub-grinding/roll-press compaction $13.49 ($12.24) 16.6  233.7 25.0  17.9 15.7 

Truck transport of compacted corn stover $7.05 ($6.40) 8.7  62.4 6.7  4.8 4.2 

Combustion of corn stover *  -- --  -- --  44.5 39.2 

Total $81.29 ($73.75) 100.0  936.2 100.0  113.5 100.0 
▲Mass or weight is defined at 15% (wet basis) moisture content unless otherwise indicated. 

# Average dry matter loss during storage was assumed to be 5%. The cost due to the storage and storage loss is equal to the 

sum of 36¢/t (33¢/ton) for the land rent charge, plus 5% of the costs for payment to farmer for participation, nutrient replacement, 

and collection/transport to local storage. The energy or GHG emission due to storage loss is equal to the sum of 5% of the 

corresponding values for nutrient replacement, and collection/transport to local storage.  

* Combustion of corn stover in industrial boilers emits 0.0036 g of CH4/MJ and 0.0102 g of N2O/MJ of dry matter (GREET, 

2009). 
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Abstract 

 

Business models that involve divided ownership – power island and ethanol plant – have been 

explored. The power island purchases biomass fuel, produces electricity and steam, sells 

electricity to the ethanol plant and the grid, and sells steam to the ethanol plant. The ethanol plant 

purchases electricity and steam from the ethanol plant and in some cases sells co-product 

(biomass) to the power island. 

 

The power island/ethanol plant business structure was evaluated over a range of feedstock and 

energy costs with a number of policy incentives and investment analysis assumptions. Rates of 

return are sensitive to prices for corn, biomass fuel, ethanol, natural gas, electricity, and steam as 

well as potential policy incentives for reduction in fossil carbon. The power island/ethanol plant 

business structure is promising; however, current low prices for natural gas, the fuel now 

commonly used at ethanol plants, and the lack of a national energy policy with clear, long-term 

goals for carbon reduction for both liquid fuels and electricity are impediments to adoption of 

BIGCC technology at this time. Large capital investments and skillfully crafted contracts would 

be necessary to make BIGCC and other CHP technologies viable. Implementing natural gas 

combined cycle (NGCC) systems at ethanol plants may offer a transition strategy for gaining 

some of the advantages of low carbon fuel and electricity, especially while natural gas prices 

remain low. Opportunities for adopting BIGCC technology will improve under the following 

circumstances or policies: 

 

• higher prices for fossil energy, particularly natural gas (the natural gas price where 

biomass alternatives would become attractive is approximately $10 per million Btu), and  

• policies which promote and reward the reduction of greenhouse gas emissions. 

 

1. Introduction 

 

In the course of our study examining the use of biomass to produce process heat and electricity 

from biomass at ethanol plants we have learned many things.  From farmers’ fields through the 

ethanol and combined heat and power plants, we have learned about input costs, energy 

expenditures, and greenhouse gas emissions associated with the use of corn stover or syrup + 

stover as sources for thermal energy and power generation.  We have utilized an engineering 

model of dry-grind ethanol plants developed by the Agricultural Research Service of the U.S. 

Department of Agriculture and Aspen Plus software to understand the energy requirements of the 

various activities and processes performed at dry-grind ethanol plants (McAloon et al., 2000 and 
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2004; Kwiatkowski et al., 2006).  Some of our team members have validated a variety of 

engineering solutions to utilize corn stover, corn stover + syrup, or natural gas to produce 

combined heat and power at corn ethanol plants (Chapter 1; Morey et al., 2006; De Kam, 2008; 

De Kam et al., 2009a and 2009b). Our team has also estimated reductions in life-cycle 

greenhouse gas (GHG) emissions for corn ethanol and electricity generated from these systems 

(Chapter 3; Kaliyan et al., 2011). After working on a variety of engineering approaches to 

produce varying amounts of process heat and electricity from biomass, we concluded that we 

should try to expand our analysis to determine the economic effects of alternative business 

models for the ownership of assets to transform biomass or even natural gas into steam and 

electricity apart from the assets of the ethanol plant.  While today we see plants that burn natural 

gas, coal, or biomass in order to process corn at dry grind ethanol plants, we contemplate the 

emergence of two distinct business entities that operate together.  In the following pages we shall 

present our conclusions about the financial opportunities of the creation of “power islands” as 

distinct business entities working symbiotically with fuel ethanol plants.  Figure 1 is a 

representation of an ethanol plant with an adjacent power island that shows the major flows of 

materials and energy.  In the course of this report we shall document how the flows of earnings 

can accrue to each business entity. 

 

1.1 Power islands and ethanol plants 

 

Power islands consist of the assets needed to receive and convert biomass to steam and 

electricity, while the ethanol plant receives steam from the power island to carry out its 

operations of cooking the ground corn mash, distilling the ethanol from the beer, and drying the 

by-products of fermentation, the distillers grains and solubles (DDGS).  We call this collection of 

equipment performing these functions a power island because it can be an independent business 

entity that collaborates with an ethanol plant or another integrated business partner.  As a 

business entity, the power island would buy corn stover from farmers or biomass aggregators, 

natural gas from gas companies, or syrup (condensed stillage) from the adjacent ethanol plant.  

The power island would sell steam to the ethanol plant for all its activities and would also 

generate electricity that could be sold to the grid or the adjacent ethanol plant.  In order to 

produce electricity with efficiency, it is necessary for the power island to discharge a certain 

amount of thermal energy from the combustion or gasification of the biomass.  It would be much 

more expensive for power islands to generate electricity in the absence of nearby ethanol plants 

with needs for rejected thermal energy from the power island.  These flows are illustrated in 

Figure 1. The power island is assumed to negotiate power purchase agreements with utility 

companies or municipalities that demand “green” electricity derived from biomass. 

 

We assume that ethanol plants consist of the assets to grind the corn, cook the corn, process the 

mash, and ferment the corn mash to ethanol and stillage.  Then the ethanol plant distills the 

ethanol to a 99.9% pure anhydrous form.  The by-products of fermentation are separated by 

centrifuges into solids of 35% dry matter and liquids consisting of 10% solids. The liquids are 

heated to drive off more water until they reach 30% solids when they are called concentrated 

solubles or “syrup.” The two streams of by-products are dried together to make distillers grains 

and soluble (DDGS) using a steam tube dryer in this case.  In our analysis, we model the ethanol 

plant buying the necessary steam to carry out its processing activities from the power island.  Of 

course the ethanol plant also buys corn for processing, electricity from the grid, necessary 
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chemicals and denaturants, while procuring the other inputs of labor, management, repairs, and 

other expenses of operation.  The ethanol plant sells ethanol and either distillers dried grains and 

solubles (DDGS) or DDG in cases when the power island utilizes syrup as a fuel. 

 

Several configurations of power islands have been modeled, including the following: 

 

1. Combined Heat and Power plus Grid (CHP + Grid). This system is modeled in De Kam 

et al. (2009a). It involves biomass combustion in a fluidized bed to produce steam which 

is run through an extraction turbine then a condensing turbine to produce electricity. The 

system is sized to generate as much electricity as possible in the extraction turbine while 

using the waste heat to meet the process energy and drying needs of the ethanol plant. An 

additional amount of steam is run through the condensing turbine to produce more 

electricity. 

 

2. Biomass Integrated Gasification Combined Cycle (BIGCC). This system is modeled in 

Chapter 1 of this report. It involves steam gasification of biomass to produce synthesis 

gas that is cleaned up, compressed and run through a gas turbine to produce electricity. 

Heated exhaust from the gas turbine is run through a heat recovery steam generator to 

produce steam for generating additional electricity in a backpressure turbine. The system 

is sized to generate as much electricity as possible in the two turbines while using the 

waste heat to meet the process energy and drying needs of the ethanol plant. The BIGCC 

configuration allows more electricity generation while meeting the energy needs of the 

ethanol plant than the CHP + Grid configuration. 

 

3. Natural Gas Combined Cycle (NGCC). This configuration is also modeled in Chapter 1 

of this report. It uses natural gas with a gas turbine followed by a steam turbine, so is 

similar to the BIGCC system except for the source of fuel. The system is sized to 

generate as much electricity as possible in the two turbines while using the waste heat to 

meet the process energy and drying needs of the ethanol plant. 

 

Performance of the systems is summarized in Table 1 for a 50 million gallon per year ethanol 

production system. Results for the CHP + Grid and BIGCC systems include two fuels – corn 

stover and corn stover plus syrup. The BIGCC and NGCC configurations generate more 

electricity than the CHP + Grid configuration. The net electricity to the grid for NGCC is greater 

than the BIGCC systems because it does not have the parasitic load for gasification and synthesis 

gas compression associated with the BIGCC systems. 
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Figure 1. Diagram of mass and energy flows to and from the ethanol plant and power island. 
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Table 1. Technical data for various heat and power systems integrated with 190 million liter per year (50 

million gallon per year) ethanol plant obtained from Aspen Plus process simulation modeling (Chapter 1; 

De Kam et al., 2009a and 2009b). 

 User Unit 
CHP+Grid

a
 

+Stover 

CHP+Grid
a

 

+Syrup 

+Stover 

BIGCC
b

 

+Stover 

BIGCC
b

 

+Syrup 

+Stover 

NGCC
c

 

Steam Use        

Ethanol process Ethanol plant MW 27.9 27.9 27.9 27.9 27.9 

  Btu/gal eth. 15,090 15,090 15,090 15,090 15,090 

  lb steam/gal eth. 16.1 16.1 16.1 16.1 16.1 

Steam tube drying DDGS/DDG Ethanol plant MW 22.6 12.8 22.6 12.8 22.6 

  Btu/gal eth. 12,223 6,923 12,223 6,923 12,223 

  lb steam/gal eth. 13.1 7.6 13.1 7.6 13.1 

Steam tube drying syrup & stover Power island MW - - - 10.5 - 

  Btu/gal eth. - - - 5,679 - 

  lb steam/gal eth. - - - 6.0 - 

Gasification Power island lb steam/gal eth. - - 1.6 1.6 - 

Power Generation and Use        

Total power generation Power island MW 17.4 16.0 33.7 33.6 35.2 

  kWh/gal eth. 2.76 2.53 5.34 5.32 5.58 

Parasitic use by heat & power systems Power island MW 1.9 1.7 4.4 4.3 0.2 

  kWh/gal eth. 0.30 0.27 0.70 0.68 0.03 

Ethanol process use Ethanol plant MW 4.7 4.7 4.7 4.7 4.7 

  kWh/gal eth. 0.74 0.74 0.74 0.74 0.74 

To grid Power island MW 10.8 9.6 24.6 24.7 30.3 

  kWh/gal eth. 1.72 1.52 3.90 3.90 4.81 

Water Use        

Cooling for condensing turbine Power island gal wat./gal eth. 1.54 1.77 - - - 

Gasification use of water as steam Power island gal wat./gal eth. - - 0.19 0.19 - 

Syngas cooling water Power island gal wat./gal eth. - - 0.04 0.04 - 

Blowdown/make up water Power island gal wat./gal eth. 0.14 0.13 0.09 0.10 0.11 

Lime scrubber water Power island gal wat./gal eth. 0.19 0.19 0.08 0.08 - 

Feedstock        

Corn stover (13% MC) Power island kg/h 23,958 15,083 25,386 16,482 - 

  Million Btu/h 354 223 376 244 - 

Syrup (66.8% MC) Power island kg/h - 21,197 - 21,197 - 

  Million Btu/h - 132 - 132 - 

Natural gas Power island kg/h - - - - 7,470 

  Million Btu/h - - - - 375 

Emissions Control Chemicals        

Limestone Power island kg/h 79.2 679.2 30.3 250.8 - 

Ammonia Power island kg/h 26.3 32.5 2.6 3.0 3.7 

Quicklime Power island kg/h 12.5 75.0 5.3 14.8 - 

Ash Produced        

Ash Power island kg/h 1,492 2,025 1,510 1,623 - 

Co-Product to be Sold for Animal Feed        

DDGS/DDG Ethanol plant kg/h 19,125 11,292 19,125 11,292 19,125 

a Fluidized bed combustion to produce steam for extraction turbine followed by condensing turbine. 
b Fluidized bed gasification to produce synthesis gas for gas turbine followed by heat recovery boiler to produce steam for a back pressure turbine. 
c Natural gas for gas turbine followed by heat recovery boiler to produce steam for a backpressure turbine. 
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1.2 Capital costs 

 

Our analysis required us to estimates installed capital costs for the ethanol plant and the power 

island for the various technology bundles. We obtained installed costs for typical dry-grind 

ethanol plants from Fagan Construction of Granite Falls, Minnesota. Costs for components of the 

power islands were developed by AMEC E&C Services of Minneapolis, MN as part of this 

project. Total project costs for BIGCC and NGCC systems are shown in Table 2 for a 50 million 

gallon per year ethanol plant. Two configurations are presented – one involves discharging the 

dryer exhaust to a gas turbine and the other involves discharging the dryer exhaust to a heat 

recovery steam generator. Costs for the two configurations are comparable. The economic 

analysis is performed for the case of dryer exhaust to the gas turbine. The performance data for 

BIGCC and NGCC systems in Table 1 correspond to this case. It is clear from the Table 2 that 

the power island components, particularly for BIGCC systems have large capital costs. 

 

Total project costs for CHP plus Grid systems are presented in Table 3. These costs come from a 

previous study (Tiffany et al., 2009) with updated costs data for ethanol plants. 

 

Total project costs for all systems are distributed between power island and ethanol plant in 

Table 4. Estimates for both 50 million gallon and 100 million gallon per year plants are shown. 

The 100 million gallon per year estimates are based on the 50 million gallon per year costs 

multiplied by the scaling factor 2
0.7

. Unit costs for the power island in terms of $/kWh and 

ethanol plant in terms of $/gallon of name plate capacity are also shown in Table 4. Power island 

capital costs for BIGCC systems range from about $3,250 to $4,150/kW of generating capacity 

depending on system size and fuel. These costs include gasification and syngas cleanup, biomass 

fuel handling, ash handling, emissions control, steam systems, gas compression, gas and steam 

turbine generators. Power island costs for NGCC systems range from about $1,550 to $1,950/kW 

depending on systems size. These cost are much less than the BIGCC systems because there are 

no costs associated with biomass processing and handling. Power island costs for the CHP plus 

Grid systems range from $4,100 to $5,050/kW. While their total costs are less than the BIGCC 

systems, the CHP plus Grid systems’ unit costs per kW of generating capacity are higher because 

these simpler systems favor heat generation rather than power generation. Unit costs for ethanol 

plants range from $1.11 to $1.48 per gallon of capacity depending on size and configuration.  

Capital costs for the 50 million gallon per year plants and the associated power islands are 

plotted in Figure 2, clearly illustrating the higher capital costs of the BIGCC power islands. 
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Table 2. Total project costs for 190 million liter per year (50 million gallon per year) ethanol plants 

integrated with BIGCC/NGCC systems. (Gas compression pressure = 1 MPa) 

Component/System 

 

Dryer Exhaust to Gas Turbine 

 

Dryer Exhaust to HRSG Burner 

FOB Equip. 

Cost 

% 

New 

Total Project 

Cost 

FOB Equip. 

Cost 

% 

New 

Total Project 

Cost 

BIGCC with Corn Stover Fuel 

Biomass fuel handling New $2,188,000 4   $2,188,000 5  

Gasification & syngas cleanup New $12,422,000 26   $12,235,000 25  

Ash handling New $780,000 2   $780,000 2  

Emissions control New $2,389,000 5   $2,545,000 5  

HRSG & steam system New $6,593,600 14   $6,897,600 14  

Gas compression & gas turbine gen. New $13,075,000 27   $12,142,000 25  

Steam turbine gen. New $5,000,000 10   $5,000,000 10  

Total cost: power island  $42,447,600 87 $132,637,000  $41,787,600 87 $130,642,000 

         

Typical conventional ethanol plant cost Baseline   $75,000,000    $75,000,000 

Natural gas dryer & thermal oxidizer Avoided ($6,000,000) -12 ($20,287,000)  ($6,000,000) -13 ($20,287,000) 

Steam tube dryer – DDGS New $6,200,000 13 $19,373,000  $6,200,000 13 $19,383,000 

Ethanol plant with BIGCC grand total 

(new items + baseline - avoided):    $206,723,000    $204,738,000 

BIGCC with Syrup and Corn Stover Fuel 

Biomass fuel handling New $1,750,000 4   $1,750,000 4  

Gasification & syngas cleanup New $11,636,000 24   $11,457,000 24  

Ash handling New $650,000 1   $650,000 1  

Emissions control New $2,352,000 5   $2,509,000 5  

HRSG & steam system New $6,433,600 13   $6,824,600 14  

Gas compression & gas turbine gen. New $13,075,000 27   $12,143,000 25  

Steam turbine gen. New $5,000,000 10   $5,000,000 10  

Total cost: power island  $40,896,600 84 $127,696,000  $40,333,600 83 $125,991,000 

         

Typical conventional ethanol plant cost Baseline   $75,000,000    $75,000,000 

Natural gas dryer & thermal oxidizer Avoided ($6,000,000) -12 ($20,287,000)  ($6,000,000) -12 ($20,287,000) 

Steam tube dryers # New $8,000,000 16 $24,979,000  $8,000,000 17 $24,990,000 

Ethanol plant with BIGCC grand total 

(new items + baseline - avoided):    $207,388,000    $205,694,000 

NGCC with Natural Gas Fuel 

Biomass fuel handling New $0 0   $0 0  

Gasification & syngas cleanup New $0 0   $0 0  

Ash handling New $0 0   $0 0  

Emissions control New $0 0   $0 0  

HRSG & steam system New $6,918,600 24   $7,043,600 25  

Gas compression & gas turbine gen. New $10,575,000 37   $10,000,000 36  

Steam turbine gen. New $4,750,000 17   $4,750,000 17  

Total cost: power island  $22,243,600 78 $67,907,000  $21,793,600 78 $66,581,000 

         

Typical conventional ethanol plant cost Baseline   $75,000,000    $75,000,000 

Natural gas dryer & thermal oxidizer Avoided ($6,000,000) -21 ($20,287,000)  ($6,000,000) -21 ($20,287,000) 

Steam tube dryer – DDGS New $6,200,000 22 $19,373,000  $6,200,000 22 $19,383,000 

Ethanol plant with NGCC grand total 

(new items + baseline - avoided):    $141,993,000    $140,677,000 

Note: BIGCC = biomass integrated gasification combined cycle; DDG = dried distillers grains; DDGS = dried distillers grains with solubles; 

 HRSG = heat recovery steam generator; NGCC = natural gas combined cycle. 
# The FOB equipment cost for steam tube dryers ($8,000,000) is the sum of costs for DDG dryer with product-cooler ($4,300,000) and for syrup 

and stover fuel dryer without product-cooler ($3,700,000). 



5-8 
 

Table 3. Total project costs for 190 million liter per year (50 million gallon per year) ethanol plants for 

biomass “CHP plus electricity to the grid” scenarios (Tiffany et al., 2009) with modified 2011 ethanol 

plant costs. 
Component/System  FOB Equip. Cost % New Total Project Cost 

Corn Stover Fuel  

Biomass fuel handling New $1,750,000 5  

Fluidized bed boiler & steam system New $15,314,000 47  

Ash handling New $650,000 2  

Emissions control New $2,950,000 9  

Steam turbine gen. New $5,556,000 17  

Total cost: power island  $26,220,000 81 $86,836,000 

Typical conventional ethanol plant cost Baseline   $75,000,000 

Natural gas dryer & thermal oxidizer Avoided ($6,000,000) -19 ($20,287,000) 

Steam tube dryer – DDGS New $6,200,000 19 $19,373,000 

Biomass powered ethanol plant grand 

total (new items + baseline - avoided): 

   

$160,922,000 

Syrup and Corn Stover Fuel  

Biomass fuel handling New $1,750,000 6  

Fluidized bed boiler & steam system New $13,867,000 48  

Ash handling New $650,000 2  

Emissions control New $2,565,000 9  

Steam turbine gen. New $5,497,000 19  

Total cost: power island  $24,329,000 85 $80,674,000 

Typical conventional ethanol plant cost Baseline   $75,000,000 

Natural gas dryer & thermal oxidizer Avoided ($6,000,000) -21 ($20,287,000) 

Steam tube dryer – DDG New $4,300,000 15 $13,426,213 

Biomass powered ethanol plant grand 

total (new items + baseline - avoided): 

   

$148,813,213 

Note: CHP = combined heat and power; DDG = dried distillers grains; DDGS = dried distillers grains with solubles. 
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Table 4. Distribution of capital costs between power island and ethanol plant for new construction. 

 190 million L (50 million gal) Plants  380 million L (100 million gal) Plants # 

Capital Cost % Total Unit Cost  Capital Cost % Total Unit Cost 

BIGCC with Corn Stover Fuel 

Power island $132,637,000 64.2 $3,936/kW  $215,469,442 64.2 $3,230/kW 

Ethanol plant $75,000,000    $121,837,859   

NG dryer & TO avoided ($20,287,000)    ($32,956,329)   

Steam tube dryer – DDGS $19,373,000    $31,471,531   

Net ethanol plant $74,086,000 35.8 $1.48/gal  $120,353,062 35.8 $1.20/gal 

Total & $206,723,000 100   $335,822,504 100  

BIGCC with Syrup and Corn Stover Fuel 

Power island $127,696,000    $207,442,764   

Steam tube dryer – syrup/stover $11,552,788    $18,767,559   

Total power island $139,248,788 67.1 $4,144/kW  $226,210,323 67.1 $3,366/kW 

Ethanol plant $75,000,000    $121,837,859   

NG dryer & TO avoided ($20,287,000)    ($32,956,329)   

Steam tube dryer – DDG $13,426,213    $21,810,947   

Net ethanol plant $68,139,213 32.9 $1.36/gal  $110,692,478 32.9 $1.11/gal 

Total & $207,388,001 100   $336,902,802 100  

NGCC with Natural Gas Fuel 

Power island $67,907,000 47.8 $1,929/kW  $110,315,247 47.8 $1,567/kW 

Ethanol plant $75,000,000    $121,837,859   

NG dryer & TO avoided ($20,287,000)    ($32,956,329)   

Steam tube dryer – DDGS $19,373,000    $31,471,531   

Net ethanol plant $74,086,000 52.2 $1.48/gal  $120,353,062 52.2 $1.20/gal 

Total & $141,993,000 100   $230,668,309 100  

CHP + Grid with Corn Stover Fuel 

Power island $86,836,000 54.0 $4,991/kW  $141,065,498 54.0 $4,054/kW 

Ethanol plant $75,000,000    $121,837,859   

NG dryer & TO avoided ($20,287,000)    ($32,956,329)   

Steam tube dryer – DDGS $19,373,000    $31,471,531   

Net ethanol plant $74,086,000 46.0 $1.48/gal  $120,353,062 46.0 $1.20/gal 

Total & $160,922,000 100   $261,418,560 100  

CHP + Grid with Syrup and Corn Stover Fuel 

Power island $80,674,000    $131,055,300   

Steam tube dryer – syrup/stover $0    $0   

Total power island $80,674,000 54.2 $5,043/kW  $131,055,300 54.2 $4,095/kW 

Ethanol plant $75,000,000    $121,837,859   

NG dryer & TO avoided ($20,287,000)    ($32,956,329)   

Steam tube dryer – DDG $13,426,213    $21,810,947   

Net ethanol plant $68,139,213 45.8 $1.36/gal  $110,692,478 45.8 $1.11/gal 

Total & $148,813,213 100   $241,747,778 100  

Note: BIGCC = biomass integrated gasification combined cycle; CHP = combined heat and power; DDG = dried distillers grains; DDGS = dried 

distillers grains with solubles; NG = natural gas; NGCC = natural gas combined cycle; TO = thermal oxidizer. 
# 380 million L (100 million gal) plant costs are based on 190 million L (50 million gal) plant cost times 20.7. 
& Total = power island + net ethanol plant. 
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Figure 2. Installed costs of ethanol plants and corresponding power islands as new construction 

(2011 estimates) for 50 million gallon per year systems (from Table 4). 
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Capital costs shown in Tables 2 through 4 and Figure 2 are for new construction. We also 

performed an analysis for adding power islands to existing ethanol plants. Assumptions about 

existing plants are described later. For this analysis, we assumed that the power island purchased 

the steam tube dryer used for co-products, DDGS/DDG, and leased it to the ethanol plant. The 

revised power island capital costs are shown in Table 5. 

 

 
Table 5. Capital cost of power island added to existing ethanol plant (assuming power island owner buys 

DDGS/DDG dryer and leases to ethanol plant). 
 190 million L (50 million gal) Plants  380 million L (100 million gal) Plants # 

 Capital Cost % Total  Capital Cost % Total 

BIGCC with Corn Stover Fuel 

Power island $132,637,000   $215,469,442  

Steam tube dryer – DDGS $19,373,000   $31,471,531  

Total power island $152,010,000 100  $246,940,974 100 

BIGCC with Syrup and Corn Stover Fuel 

Power island $127,696,000   $207,442,764  

Steam tube dryer – syrup/stover $11,552,788   $18,767,559  

Steam tube dryer – DDG $13,426,213   $21,810,947  

Total power island $152,675,001 100  $248,021,271 100 

NGCC with Natural Gas Fuel 

Power island $67,907,000   $110,315,247  

Steam tube dryer – DDGS $19,373,000   $31,471,531  

Total power island $87,280,000 100  $141,786,778 100 

CHP + Grid with Corn Stover Fuel 

Power island $86,836,000   $141,065,498  

Steam tube dryer – DDGS $19,373,000   $31,471,531  

Total power island $106,209,000 100  $172,537,030 100 

CHP + Grid with Syrup and Corn Stover Fuel 

Power island $80,674,000   $131,055,300  

Steam tube dryer – syrup/stover $0   $0  

Steam tube dryer – DDG $13,426,213   $21,810,947  

Total power island $94,100,213 100  $152,866,247 100 

Note: BIGCC = biomass integrated gasification combined cycle; CHP = combined heat and power; DDG = dried distillers grains; DDGS = dried 

distillers grains with solubles; NGCC = natural gas combined cycle. 
# 380 million L (100 million gal) plant costs are based on 190 million L (50 million gal) plant cost times 20.7. 
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1.3 Operational and contractual issues 

 

Although we know of no ethanol plants operating in conjunction with power islands using 

biomass at this time, there are ethanol plants in operation and under construction that purchase 

steam from power plants, which are essentially power islands that benefit by having a reliable 

customer of the steam and also allowing them to discharge thermal energy.  In the course of this 

research, we identified the importance of carefully crafted contracts to guide the pricing of syrup 

sold by ethanol plants to power islands as well as the pricing of steam sold from power islands to 

the ethanol plants.  In this section we identify and discuss several types of contracts between the 

ethanol plant and power island that are essential for a mutually beneficial relationship between 

these two business entities, including the following: 

 

1) Steam pricing contracts 

2) Syrup pricing contracts 

3) “Buy –all, Sell –all” electricity contracts 

4) Contractual allocations of carbon credits for green electricity and greener ethanol 

 

Of course the goal of skillful contracting is to produce mutually agreeable pricing conditions that 

offer some security and protection for both parties as they weather a variety of market changes in 

corn prices, ethanol prices, natural gas prices, biomass prices, and policy-based incentives. 

 

1.3.1 Steam pricing contracts 

 

Figure 3 is a graph that shows how the price of steam could be calculated for biomass based on 

the market price of natural gas, an available substitute for the biomass fuels, and using a 

conventional boiler at 80% efficiency.  The relationship shown on this graph was derived by 

making assumptions on the capital cost of a package boiler that could supply steam using natural 

gas with associated recovery of depreciation, repairs, associated labor, and natural gas costs for 

the typical life of a package boiler. 
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Figure 3. Contracted steam prices as a function of natural gas prices. 

 

 

1.3.2 Syrup pricing contract and rationalizing the use of syrup as a fuel 

 

In an effort to find a reasonable pricing mechanism that could be employed in a contract, effort 

was made to determine a rational way of pricing the concentrated solubles, or syrup, that some 

ethanol plants may choose to sell as a biomass fuel to be blended with corn stover by the power 

island.  The use of syrup offers an advantage to the power island by reducing the need to procure 

and store as much corn stover for a year of operation by the power island.  The syrup has another 

advantage; it is produced in a continuous fashion, which corresponds to the needs of the power 

island.  There are two basic ways to think of a fair price for the syrup, which include the 

following: 

 

     1)  BTU value as a fuel 

     2) Lost feed value 

 

The BTU value is determined by calculating the necessary energy needed to dry the syrup from 

its expected 68% moisture level to 10% as well as the residual energy that can be delivered from 

the solubles as they are combusted or gasified.  The lost feed value considers the prevailing price 

of DDGS, which is highly correlated to corn price as well as the energy needed to dry the 68% 

moisture syrup to the 10% moisture level of DDGS when it is sold.  Figure 4 contrasts the two 

values for the syrup from 2005 to the present using the BTU value and lost feed methods.  In 

addition the graph shows the average of the two values that would have occurred at a period in 
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time, if that were the contractual pricing mechanism for the syrup.  There have been times like 

2005-2006 when the DDGS were of low value relative to the cost of natural gas, and there have 

been times like the recent years when DDGS were more valuable as a feed than as a substitute 

for natural gas.  From January 2008 to October 2010, the methods for valuing syrup produced 

prices that were similar in value.  However, as this is written in September of 2011, ethanol 

plants are eager to dry all of the solubles they produce into DDGS because natural gas is cheap 

relative to the feed value of the syrup, which comprises about 40% of the mass of DDGS.   
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Figure 4. Historical pricing alternatives for syrup when sold to the power island. 

 

 

1.3.3 “Buy-all, Sell-all” electricity contracting 

 

Sales of electricity to the grid by industries capable of producing power from waste materials or 

in a combined heat and power situation have sometimes used “buy-all, sell-all” transactions that 

include the sale of all the electricity that they generate, when they generate it; and then the timely 

purchase of all the electricity that the facility might need for their own operations from the grid.  

Example facilities employing this arrangement include paper mills that combust black liquor and 

other wastes to generate electricity and petroleum refineries that burn certain hydrocarbons that 

cannot be readily sold. This sort of transaction may allow the local or regional utility to manage 

the supply of power from this source along with the demands that occur in that service area.  In 

some cases local and regional utilities are required to produce or provide certain amounts or 

percentages of renewable power, so it may be advantageous to accept all the power from a 

renewable source and then characterize the amount of electricity sold to that same facility as 
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coming from a fossil source.  It is customary for the businesses selling renewable power to 

receive a higher price per kiloWatt-hour for their sales of renewable power and then pay a lower 

price for their needs of power which are generated from typical fossil generation facilities.  In 

our analysis, our baseline conditions assume “buy-all, sell-all” transactions for facilities capable 

of producing electricity. 

 

1.3.4 Contractual allocations of carbon credits for green electricity and greener ethanol 

 

The U.S. has not ratified international climate change legislation nor passed a climate bill 

identifying carbon permit fees (taxes) for emissions of greenhouse gases from the use of fuels or 

generation of electricity; however, it is reasonable that owners of power islands and associated 

ethanol plants would want to negotiate an allocation of the benefits of practices that reduce the 

greenhouse gas emissions (GHG).  Our study has examined the life cycle analyses (LCA) of 

production of ethanol from corn at plants using the technology bundles chosen for this project, 

and we determined the savings in GHG emissions embodied in the fuel produced.  As policies 

mature and incentive structures are formalized, we might expect that premiums would be paid 

for ethanol with substantially lower GHG emissions than ethanol produced from plants fired with 

natural gas or coal.  The Low Carbon Fuel Standards  developed by California and other states 

may offer premiums for ethanol with documented reductions in GHG emissions due to the 

processes employed and the feedstock and fuel utilized in advance of any national incentives.  

Figure 5 shows the savings (or credits) that would accrue to ethanol produced by the various 

technology bundles that we analyzed.  At the far left of the graph, one can see the estimated 

emissions of greenhouse gases of gasoline in grams of CO2 equivalents per Mega Joule of 

energy.  In our analysis, each of the various technology bundles producing ethanol was analyzed 

to determine the grams of CO2 equivalents per Mega Joule.  In this way we can calculate the 

potential credits that would accrue to producers or buyers of ethanol produced with a lower 

carbon footprint.  In our analysis we modeled carbon permit fees of $20.00 per ton (a level 

similar to that utilized by the European Union and Australia) in an effort to learn the impacts of 

incentives rewarding reductions in GHG emissions would have.  In this effort we learned that 

technologies utilizing corn stover have a clear advantage in this measure over technologies that 

use mixtures of corn stover and syrup.  Natural gas combined cycle plants were slightly better 

than conventional ethanol plants in terms of the GHG per Mega Joule of ethanol produced, but 

were surpassed by all technology bundles using biomass. 
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Figure 5. Greenhouse gas emissions associated with ethanol produced from a variety of 

technology bundles and their savings versus gasoline. 

 

 

With respect to the electricity produced by the technology bundles that we have analyzed, we 

recognize the extent to which GHG emissions are lowered from the levels of coal-fired 

electricity, the dominant source of high GHG emissions from power generation in the U.S., and 

the form of electrical production most likely to be reduced if the U.S. enacts regulations to curb 

GHG emissions.  Although these policies are not in effect at the present time, it is prudent to 

analyze the financial impact of potential incentives that may emerge during the life of a power 

island and its electrical generation assets.  We assume that there are zero net GHG emissions for 

the kilowatt-hours produced by power islands that use biomass.  Our calculations allocating the 

GHG emissions savings of electricity exported to the grid for the NGCC technology bundle as 

66%.  
1
  Figure 6 shows the savings in GHG equivalent CO2 emissions for each kilowatt-hour of 

electricity exported to the grid by each of the technology bundles analyzed.  

 

 

 

 

                                                           
1
 Savings by the NGCC technology bundle versus coal- fired electricity are calculated as (43.1 gCO2e/MJ X 21.5 

MJ/liter of ethanol X 3.78 liters/gal.) / (4.8 kWh/gal of ethanol) =729.8 gCO2e savings per kilowatt-hour, which is 

729.7/1105.5 = 66% of the CO2 emissions released by coal-fired electric power generation.  Coal-fired electricity 

generation is assumed to emit 1105.5 grams of CO2 equivalents per kilowatt-hour. 
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Figure 6. Greenhouse gas emissions of electricity produced by a variety of technology bundles at 

power islands and savings versus pulverized coal electrical production. 
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2. Overview: Renewable energy tax incentives available to ethanol plants and power islands 

 

2.1 Incentives 

 

Federal, State and Local governments offer incentives to promote renewable energy 

development.  However, with respect to incentives wrapped in tax policy, qualification, rules, 

and sunset provisions can be very important.  The two tax incentive programs most frequently 

highlighted in the renewable energy industry are the Renewable Electricity Production Tax 

Credit, known simply as the “PTC,” and the Business Energy Investment Tax Credit, or the 

“ITC.” These will be described in detail below.  Additionally there are smaller incentives, such 

as the Small Ethanol Producer Tax Credit and various options for recognizing depreciation 

expenses that are also applicable for energy-related projects.  

 

2.2 PTC overview
2
 

 

The production tax credit is based on the amount of electricity generated.  In 2011, the rate for 

most applicable renewable energies is 2.2 cents per kilowatt hour for the first ten years of actual 

production.  The rate for later decades of power production initiated in later years will be 

indexed for inflation. Generally the PTC can be claimed for ten years or rolled forward up to 20 

years or carried back one year. The in-service deadline is currently December 31, 2013 for all 

types except wind, whose deadline is a year earlier. The PTC was originally enacted in the 

Energy Policy Act of 1992 with qualifying deadlines being periodically extended since that time. 

Many have claimed the “stop and go” nature of this credit’s availability has been a drag on the 

growth of the renewable energy sector.  

 

To qualify for the PTC; “electricity generated by qualified energy resources and sold by the 

taxpayer to an unrelated person during the taxable year
1
.” Importantly, the credit can only be 

applied against passive income – typically defined as income from rental properties or various 

investments
3
.  Few individuals  have the tax appetite to absorb the amount of credit that is 

generated, nor do they have qualifying income.  The divided ownership of power islands and 

collaborating ethanol plants described previously would allow an institutional investor partner to 

participate in the project in order to take advantage of the PTC. 

 

2.3 Open-loop versus closed-loop biomass 

 

Closed-loop biomass projects qualify for the full 2.2 cents per kWh credit while open-loop 

biomass projects only qualify for half the credit (1.1 cents per kWh).  In general, to be deemed a 

closed loop plant, the biomass must be grown specifically for the purpose of creating electricity. 

In contrast, an open-loop project typically uses a waste product from an industrial process, such 

as waste wood, to create electricity.  Interestingly, there has not been a biomass project that has 

                                                           
2
 Database of State Incentive for Renewables and Efficiency. Last DSIRE Review: 06/30/2011. Accessed 8/22/11. 

http://dsireusa.org/incentives/incentive.cfm?Incentive_Code=US13F 
3
 Winnie, Trista. “Wind Energy Promotion Act.” NuWire Investor. Published April 22, 2008.  Accessed 8/22/11. 

http://www.nuwireinvestor.com/articles/wind-energy-promotion-act-51531.aspx 
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attained the closed-loop categorization since inception of the credit
4
.  As expected, the open-loop 

biomass industry is lobbying for “tax parity” and consideration of the merit of the electricity 
produced from open-loop biomass.   Consequently we have modeled both scenarios in our 

analysis.  It should also be noted that the Natural Gas Combined Cycle (NGCC) technology 

bundle would not be eligible for receipt of the PTC because it does not use a biomass fuel 

source. 

 

2.4 ITC and 1603 treasury grant overview
5
 

 

The Business Energy Investment Tax Credit is a corporate tax credit that may allow the taxpayer 

to receive a tax credit worth up to 30% of applicable expenditures.  Unlike the PTC, there is no 

differentiation between closed-loop and open-loop biomass projects.  Consequently, five of the 

six technology bundles we analyzed would likely qualify for the 30% credit.  In addition, the 

Natural Gas Combined Cycle (NGCC) bundle that was not eligible for any PTC classification 

would likely qualify for a 10% Investment Tax Credit under the CHP (Combined Heat and 

Power) classification.  

 

The ITC is available for projects placed in service prior to December 31, 2016.  A challenge with 

the ITC is the magnitude of the tax credit it generates.  In contrast to the PTC, there is no passive 

income requirement, therefore adding flexibility for users and developers.  In response to the 

diminished tax appetite after the financial crisis of 2008, the American Recovery and 

Reinvestment Act of 2009 (ARRA) funded a grant program that allows the ITC to be taken as a 

cash equivalent – e.g.  “Cash grant in lieu of the federal business energy investment tax credit.” 

The program is managed by the Treasury Department and the grants are referred to as 1603 

Treasury grants.  To qualify for this program, construction on the project must begin prior to the 

end of the year, December 31, 2011.  The application deadline is later in 2012.  Financially, the 

ITC and the 1603 cash grant programs are equivalent.  Therefore they were not modeled 

separately in the analysis that follows. 

 

The American Recovery and Reinvestment Act of 2009 also allowed a project that qualified for 

the PTC to elect to take the ITC or the 1603 cash grant equivalent.   Because the PTC has more 

stringent requirements, this election did not go both ways.  For example, those who qualified for 

the ITC could not elect to receive the PTC. 

 

2.5 Small ethanol producer tax credit 

 

The small ethanol producer tax credit is available to producers who do not have more than 60 

million gallons of production throughout the year. The credit is $0.10 per gallon for the first 15 

million gallons produced annually.  Therefore, the tax credit is capped at $1.5 million per 

                                                           
4
 Kotrba, Ron. “The Power of Association.” Biomass Magazine. Accessed 8/22/11. 

http://biomassmagazine.com/articles/1675/the-power-of-association. 
5
 Database of State Incentive for Renewables and Efficiency. Last DSIRE Review: 06/15/2011. Accessed 8/22/11. 

http://dsireusa.org/incentives/incentive.cfm?Incentive_Code=US02F 
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qualifying producer
6
. This incentive is scheduled to cease at the end of 2011, but has been in 

existence in some form since 1990. The ethanol industry is lobbying once again for its extension.  

 

2.6 Depreciation schedules
7
 

 

The non-cash depreciation expense is an integral way for investors to recover the cost of their 

capital investments by decreasing taxable income and consequently, tax liability.  The Federal 

government allows certain investments to be depreciated at a rate faster than the useful life of the 

asset. This is known as the Modified Accelerated Cost-Recovery System (MACRS).  The 

approve schedule for Combined Heat and Power projects is five years.  Therefore we have 

modeled the effects of a 15 year straight line depreciation choice versus opting for the MACRS 

schedule.  

 

Moreover, beginning with the federal Economic Stimulus Act of 2008, a 50% “bonus” 

depreciation option was provided.  This provision was extended with some modifications 

through 2012, which includes the ability to take 100% depreciation in year one for qualifying 

assets placed in-service between September 8, 2010 and January 1, 2012. We have chosen not to 

model the bonus depreciation option due to 1) its impending expiration and 2) because in 

comparison to the MACRS option; “bonus” depreciation would likely only benefit investors who 

are carrying a tax liability from other investments.  

 

2.7 Low carbon fuel standard 

 

In 2007 the Low Carbon Fuel Standard was introduced in California under several items of 

legislation. The goal of the executive order was to reduce the carbon intensity of California’s 

transportation fuels by 2020.  In calculating the carbon intensity for corn based ethanol the 

California Air Resources Board included the effects of indirect land use change
8
, which is a 

controversial issue for many researchers.  This action effectively locks corn-based ethanol out of 

the California market.  While the California Air Resources Board (CARB) is continuing to 

review this decision, we believe ethanol generated with the advanced CHP processes previously 

described and the consequential GHG reductions may qualify.  Therefore, we have included the 

scenario of a $0.15 per gallon premium in the financial analysis.  

 

2.8 Implications of climate policy 

 

Ethanol plants that adopt power-producing technology bundles evaluated in this report will be 

well positioned if/or when a climate policy is enacted.  Each technology bundle analyzed 

increases the efficiency of the production process and reduces greenhouse gas emissions.  To 

evaluate how a potential climate policy would affect the financials of each entity, we modeled a 

carbon tax.  We assumed the carbon tax would increase the relative value of the ethanol and 

                                                           
6
 Department of Energy| Energy Efficiency & Renewable Energy. Last Review: 6/15/2011.  Accessed 9/12/11. 

http://www.afdc.energy.gov/afdc/laws/law/US/352 
7
 Database of State Incentive for Renewables and Efficiency. Last DSIRE Review: 06/17/2011. Accessed 8/22/11. 

http://dsireusa.org/incentives/incentive.cfm?Incentive_Code=US06F 
8
 California Environmental Protection Agency Air Resources Board. Last Review 8/1/2010. Accessed 9/12/11. 

http://www.arb.ca.gov/fuels/lcfs/lcfs-background.htm 
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electricity produced with each of these technology bundles.  The method we use to allocate GHG 

reductions associated with ethanol production and use is based on the total reduction in CO2 

when compared to gasoline.  Similarly, we determined the value of the electricity sent to the 

grid, assuming it would replace coal-fired electricity and credited that reduction/value to the 

Power Island.  The remaining savings in GHG reductions are credited to the ethanol plant.  We 

can also modify this calculation to compare the ethanol produced by  one of the described 

technology options versus conventional ethanol instead of gasoline. 
 

2.9 Potential benefits of divided ownership 

 

From a macro perspective, the single entity is split along the lines of the conventional ethanol 

plant and the new power generating assets.  There are two distinct potential advantages to 

divided ownership.  The first is to take advantage of tax incentives that are not typically available 

to ethanol plants while securing capital for purchasing the additional equipment necessary for 

each technology bundle.  The second is management expertise.  Managing an ethanol plant is a 

different business than managing power generating assets.  Therefore bringing in outside 

expertise that has experience negotiating power purchase agreements (PPAs) and handling 

transmission and connectivity issues would likely prove beneficial. 

 

 

3. Understanding the construction of our analytical tool 

 

3.1 Requirements of our tool 

 

In order to properly model and analyze the financial performance of a variety of technology 

bundles under a broad range of economic and financial conditions, we determined that we 

needed to construct an Excel workbook that would allow us to pose a variety of variables to the 

technology bundles considered that would generate process heat and electricity at/or in close 

proximity to a dry-grind ethanol plant.   We established a menu page to allow manipulation of 

various exogenous conditions like corn price, natural gas price, ethanol price, use of investment 

tax credits, use of the modified accelerated cost recovery system, or various other conditions.  

We organized technical worksheets that contained the installed capital costs for each of the 

specific technology bundles using the estimates of the engineering firm AMEC.  The technical 

worksheets were the source that supplied data to the individual financial worksheets 

corresponding to the ethanol plant for each technology bundle and the power island associated 

with a particular ethanol plant.  The financial worksheets were affected by some unique factors, 

as were the technical worksheets. Table 6 shows common assumptions for variables (at baseline 

levels) to be modeled in the worksheets corresponding to the various technology bundles that 

typically affect the ethanol plant. 
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Table 6. Common assumptions across technology bundles. 

Category Baseline Values 

Financial   

Factor of equity  50% 

Factor of debt 50% 

Interest rate charged on debt 6% 

Loan duration - years  10 

Depreciation method Straight line 

Depreciation period - years 15 

Effective tax rate 25% 

Fixed expense allocation - ethanol plant 60% 

Fixed expense allocation - power island 40% 

Output Market Prices  

Ethanol price ($/gal) $2.08 

DDGS price ($/ton) * $140.73 

DDG price ($/ton) ** $154.80 

CO2 price ($ per ton liquid) $8.00 

Price of ash ($/ton) $200.00 

Electricity sold ($/kWh) $0.10 

Energy Prices  

Natural gas price ($/dekatherm) $7.00 

Stover price ($/delivered ton) $77.00 

Syrup price ($/ton) $89.98 

Electricity purchased ($/kWh) $0.07 

Steam price ($/1,000 lb) $10.61 

Operating - Input Costs  

Corn price ($/bushel) $4.33 

Denaturant price ($/gal) $2.57 

Denaturant rate (volume added per 100 units of anhydrous ethanol) 2.0 

Ethanol yield (gal/bushel) 2.75 

Government Subsidies and Tax Credits  

Federal small producer credit ($/gal) $0.10 

Federal investment tax credit (% of capital costs) 30% 

* Assumes DDGS price/lb is equal to 0.91 times corn price/lb (i.e., 91% of corn price). 

** Assumes DDG price/lb is equal to 1.1 times DDGS price/lb (i.e., 110% of DDGS price). 
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4. Financial analysis overview 

 

The objective of the financial analysis is to investigate if a profitable business opportunity 

existed within the set of technology options.  To accomplish this goal, pro-forma financial 

statements were generated for the ethanol plant and power island.  The Income Statement, 

Balance Sheet and Statement of Cash Flows were forecasted for five years.  A five year average 

Return on Invested Capital (ROIC) and Return on Equity (ROE) were each calculated and 

compared across technologies.  Additionally, many inputs can be varied for sensitivity and 

scenario analysis.  

 

The objective of the income statement is to show the revenues and expenses of a business over a 

set accounting time-frame, the end result being net income for the period.  Net income is 

typically calculated by subtracting expenses from revenues, then deducting taxes.  The resulting 

net income figure is available to reinvest in the company or pay out as dividends to shareholders.  

Our analysis adds the tax credits as revenue to the usual net income calculation described above.  

This final number, net income plus tax credits, is used in place of net income in ROIC and ROE 

calculations.  

 

Although the analysis was tailored to the specifics of each technology bundle, generally the 

revenues for the Power Island included the sale of ash, sale of steam to the ethanol plant, sale of 

electricity to the grid and potentially additional value for renewable electricity produced versus 

coal-fired power due to the potential application of a federal carbon tax.  The costs of revenues 

include natural gas, corn stover and/or syrup, electricity, ammonia, quicklime and limestone.  For 

the ethanol plant, revenues consist of ethanol sales, sales of DDGS, CO2, sales of syrup and, 

potentially, the additional value for the ethanol versus conventional ethanol or gasoline with the 

application of a federal carbon tax. The cost of revenues (operating costs) for the ethanol plant 

includes corn, purchase of steam from the Power Island, electricity, yeast, enzymes, processing 

chemicals and antibiotics, boiler and cooling tower chemicals, water,  denaturant, labor and 

management.   Table 7 shows the Income Statement which was constructed for the Power Island 

serving the BIGCC-Stover technology bundle for a 50 million gallon ethanol plant. Table 7 also 

shows the very high income in year one for the Power Island.  Note in the bottom row of Table 7 

the first year Net Income and Tax Credits exceeding $46 million, followed by four years ranging 

from $6.6 million to $7.1 million. 
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Table 7. Income statement for the power island of BIGCC+Stover for a 50 million gallon ethanol facility. 

 Forecasted Income Statements 

 Year 1 Year 2 Year 3 Year 4 Year 5 

Revenues      

Sale of ash ($ per ton) $2,900,700 $2,900,700 $2,900,700 $2,900,700 $2,900,700 

Steam sale to eth. plant $15,450,298 $15,450,298 $15,450,298 $15,450,298 $15,450,298 

Electricity sales $27,757,731 $27,757,731 $27,757,731 $27,757,731 $27,757,731 

Carbon tax value for electricity vs. coal - - - - - 

Operating revenues $46,108,729 $46,108,729 $46,108,729 $46,108,729 $46,108,729 

Incentive payments      

Fed. renew elect credit closed-loop ($/kWh)  - - - - - 

Fed. credit for use of excise taxable fuel - - - - - 

Investment tax credit $39,814,850     

Incentive revenues $39,814,850 - - - - 

Total revenues $85,923,579 $46,108,729 $46,108,729 $46,108,729 $46,108,729 

Cost of Revenues      

Natural gas - - - - - 

LP (Propane)   - - - - - 

Stover $18,098,288 $18,098,288 $18,098,288 $18,098,288 $18,098,288 

Syrup  - - - - - 

DDGS - - - - - 

Electrical cost $2,597,000 $2,597,000 $2,597,000 $2,597,000 $2,597,000 

Ammonia $15,960 $15,960 $15,960 $15,960 $15,960 

Limestone $6,620 $6,620 $6,620 $6,620 $6,620 

Quicklime $3,594 $3,594 $3,594 $3,594 $3,594 

Total cost of revenues $20,721,462 $20,721,462 $20,721,462 $20,721,462 $20,721,462 

Gross Profit $25,387,266 $25,387,266 $25,387,266 $25,387,266 $25,387,266 

Operating Expenses      

Depreciation $8,847,744 $8,847,744 $8,847,744 $8,847,744 $8,847,744 

Maintenance & repairs   $1,619,994 $1,666,973 $1,723,651 $1,782,255 $1,842,851 

Labor  $1,347,200 $1,386,269 $1,433,402 $1,482,138 $1,532,530 

Management & quality control  $449,067 $462,090 $477,801 $494,046 $510,843 

Real estate taxes $48,000 $48,000 $48,000 $48,000 $48,000 

Licenses, fees & insurance $336,000 $336,000 $336,000 $336,000 $336,000 

Miscellaneous expenses  $96,000 $96,000 $96,000 $96,000 $96,000 

 $12,744,005 $12,843,076 $12,962,597 $13,086,183 $13,213,969 

Net Operating Income  $12,643,262 $12,544,190 $12,424,669 $12,301,084 $12,173,297 

Miscellaneous Income (Expense)      

Interest expense $3,981,485 $3,679,418 $3,359,227 $3,019,824 $2,660,057 

Total miscellaneous income (expense) $3,981,485 $3,679,418 $3,359,227 $3,019,824 $2,660,057 

Net Income Before Income Taxes $8,661,777 $8,864,772 $9,065,442 $9,281,260 $9,513,240 

Income Tax Expense (25%) $2,165,444 $2,216,193 $2,266,361 $2,320,315 $2,378,310 

Net Income $6,496,333 $6,648,579 $6,799,082 $6,960,945 $7,134,930 

Net Income + Tax Credits/Revenue $46,311,182 $6,648,579 $6,799,082 $6,960,945 $7,134,930 
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Depreciation expense is modeled separately for each entity based on the associated capital costs.  

Accordingly financing decisions and the associated interest expense are also modeled 

individually.  Other general or overhead expenses, including taxes, fees, maintenance and labor 

are allocated on a fixed proportion basis.  

 

Balance sheets are a picture at a point in time of a business’ assets, liabilities and stockholders’ 

equity.  A requirement of balance sheets is that assets equal liabilities and stockholders’ equity. 

More generally, the balance sheet shows what an organization owns (assets), owes (liabilities) 

and contributions by stockholders (equity).  For example, assets for the Power Island include 

cash, accounts receivable from sales of ash, steam and electricity, inventories of corn stover or 

syrup, ammonia, limestone and quicklime in addition to plant and equipment.  Liabilities include 

payables owed on wages, inventories, and debt.  The stockholders equity figure represents how 

much of the original capital costs were purchased with investor cash plus retained earnings.  

 

The statement of cash flows is designed to show how a firm uses cash in operating, investing and 

financing activities over a period of time. The statement of cash flows is an integral component 

of the financial statements due to the importance of effective cash management , which is simply 

the need for a firm to pay its bills.  The calculation begins with net income from the income 

statement, adds back non-cash expenses (mainly depreciation) and increases in current assets, 

which are a use of cash.   For example, an increase in accounts receivables means the firm has 

been paid for less of its sales. Increases in current liabilities provide cash (e.g., delaying a 

payment to a vendor means the cash is still “in the till”. Investing activities use cash if new 

equipment is purchased and provide cash if assets are sold.  Similarly, when considering 

financing activities, the assumption of new debt or additional contributions of capital provides 

cash, while paying down debt is a financing use of cash.  

 

The financial measurements that we focus on, return on invested capital (ROIC) and return on 

equity (ROE) are calculated as follows: 

 

ROIC = Net income-Dividends Paid / Total Stockholder’s Equity + Long-term debt  

ROE = Net income / Total Stockholder’s Equity 

 

 

5. Results: Sensitivity analysis of rates of returns for ethanol plants and power islands 

 

With the preceding descriptions of the objectives of our financial analyses and the description of 

our analytical tools, the stage is almost set to perform sensitivity analyses by varying the values 

of important variables to determine their effects on the profitability of either the ethanol plant or 

the power island.  An organizing step, however, was to perform some historical review of the 

values of some key variables and then utilize those figures as baseline values.   

 

5.1 Efforts to establish baseline values 

 

Establishing baseline values, given the volatility of commodity and energy markets in recent 

years, was challenging.  We reviewed historical price time series, typically monthly data, going 

back about five years. We evaluated trailing 1, 3 and 5 year averages, standard deviations, 
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high/low prices and trends.  The goal, of course, was to determine a realistic scenario 

recognizing that we have not moved past times of high market volatility, yet not wanting to be 

overly influenced by recent movements.  The trailing three-year average price incorporated the 

most recent cycle, gave a more realistic price than the five year figures, yet the record highs of 

the past year were not the most powerful determinant.  To establish a consistent and realistic 

“set” of baselines, the trailing three-year average was used throughout.  We performed our 

screening of the key variables, focusing on the following:  corn price (USDA, AMS), rack price 

of ethanol (Nebraska Energy Office), industrial natural gas price of Iowa (EIA), and industrial 

electricity prices for Iowa (EIA).  In our analysis, the price of DDGS is derived from the corn 

price based on the historical relationship seen in Iowa for the price of DDGS and corn, which has 

averaged 91% over several recent years.  In the end, we recognize that we can only hope to find 

reasonable baseline levels that are useful in testing the sensitivities of various variables. 

 

5.2 Returns on invested capital 

 

Our workbook calculated returns on investment for invested capital for the model dry grind 

ethanol plant and the technology bundles established for the options using stover as well as 

stover and syrup for plants producing CHP equal to their own needs as well as export to the grid 

and the biomass integrated gasification combined cycle cases capable of producing much more 

electricity that could be exported to the grid and the natural gas combined cycle case.  The return 

on invested capital figures are most meaningful for plants that are in a high equity situation and 

well established.  Figure 7 portrays the five year average of rates of returns on invested capital 

for the various model plants at baseline conditions.  The columns in red are the values at 

modeled for a specific condition, while the pink columns represent the levels at baseline 

conditions for ethanol plants, which range from 13% to 15%.  The returns for power islands are 

shown in blue and light blue, with the light blue columns representing the returns at baseline.  

The rates of return for the power islands are less than those of the ethanol plants because of the 

high capital costs estimated and shown in Figure 2. The power island of the natural gas 

combined cycle system had the highest rate of return on invested capital at 9.9%, followed by the 

BIGCC with corn stover at 8.6%.  Slightly lower in return was that of the BIGCC option with 

syrup and stover at 7.5%. Substantially lower were the CHP plus grid options that were capable 

of producing far less electricity (6.3% for CHP + Grid for Stover, and 5.0% for CHP + Grid for 

Syrup and Stover). 
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Figure 7. Returns on invested capital for ethanol plants of 50 million gallons nameplate capacity 

and associated power islands (five year average) at baseline conditions. 

 

 

5.3 Returns on equity for ethanol plants and power islands 

 

In an effort to understand what may be attractive to outside investors considering ownership in a 

power island, returns on equity were given more emphasis in our analysis than the returns on 

invested capital.  This is because of the well-known strategies of using leverage to gain higher 

rates of return on capital intensive projects.  Figure 8 offers a more insightful financial picture of 

the performance of the power islands with the best performance recorded for the natural gas 

combined cycle option at baseline (14.6%), followed by the BIGCC stover case (12.7%), and 

then the BIGCC using syrup and stover case (11.3%).  The rates of return on equity were lowest 

for the CHP+ grid options for stover (9.6%) and stover plus syrup, respectively.  Once again the 

graphs use red to portray current levels for the ethanol plants, with pink denoting the baseline 

levels for the ethanol plants.  The blue columns denote the rates of return on equity for power 

islands at current levels modeled (baseline shown) with the light blue conforming to baseline 

conditions.   
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Figure 8. Returns on equity for ethanol plants of 50 million gallons and associated power islands 

at baseline conditions. 

 

 

6. Discussion of sensitivities for key factors 

 

Table 8 organizes the results of our sensitivity analysis on returns on equity for the typical dry-

grind ethanol plant with nameplate capacity of 50 million gallons per year as well as the 

similarly-sized businesses that would be the ethanol plants and power islands of other technology 

bundles.  Our baseline conditions generate returns on equity ranging from 18.6% to 21.0% for 

the ethanol plants with returns for the power islands having a broader, lower, range from 7.8% to 

14.6%.  It is significant to recognize the wide range of returns for the power islands and note that 

the highest ROE is for the natural gas combined cycle case (NGCC) with its low capital cost 

helping to achieve these higher rates despite its ineligibility for incentives favoring production of 

process heat and power from renewable biomass.  The two lowest ROEs were for the CHP + grid 

technology bundles, which have the highest capital costs per unit of power generation capacity.   

 

6.1 Sensitivities affecting ethanol plants and power islands 

 

The first two sensitivity tests were performed for a rise and drop in ethanol price, which only 

affect the ethanol plant.  With an increase from $2.08 to $2.38 in the ethanol price, the returns 

increased 6%-6.5%.  The CHP + grid using stover and the BIGCC using stover scenarios showed 
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slightly large gains from baseline levels than the syrup + stover cases with the NGCC ethanol 

plant fall between the two types of biomass fuel. The magnitude of decline was greater for a drop 

in ethanol price, but the two technology bundles using syrup and stover came closest to the 

returns of the conventional ethanol plant.  Increases in corn price from $4.33 to $4.83 resulted in 

lower ROEs for the ethanol plants, but the highest plant was the conventional plant (17.0%), 

followed by the NGCC (15.9%) and the BIGCC–Syrup+Stover plant (15.6%).  The rise in the 

corn price also has the effect of reducing the ROEs of the power island cases that use syrup as a 

fuel.  This is due to the fact that the value of the lost feed that is burned as syrup is tied to the 

price of corn.  When we model corn prices rising even higher, as in the case from $4.33 to $5.33, 

we see similar patterns, but of greater magnitudes.  The power island ROEs are unaffected by 

exogenous changes in corn prices when syrup is not burned as a fuel.   When corn prices drop, as 

modeled from $4.33 to $3.83, the rates of return are higher than the baseline for all the ethanol 

plants with the technology bundles that use syrup and the natural gas combined cycle (NGCC) 

case being nearly equivalent with the conventional plant.  With a decline in corn price, ROEs for 

the power islands are improved for the two technology bundles that use syrup, but are unchanged 

for the other cases.   

 

When natural gas price rises from $7 to $9 per dekatherm, the ROEs for the ethanol plants are all 

lower than those recorded at baseline. The natural gas price rise has the effect of substantially 

increasing ROEs for the power islands of technology bundles that use biomass, while causing a 

decline in the ROE of the NGCC power island.  When prices for renewable electricity rise from 

$.10 to $.13 per kWh, we see the ROEs for the power islands are substantially increased for all 

cases with the BIGCC-Stover recording 16.1% and the BIGCC using Syrup and Stover recording 

a 14.8% return.  Exogenously applying a $20 per ton carbon credit on electricity and ethanol 

production has the effect of increasing the ROEs across the board for ethanol plants and power 

islands, with the largest increases for the ethanol plants occurring for the options that use corn 

stover as the biomass input. The power islands experience greater increases in the BIGCC 

scenarios, due to the fact they generate more electricity per dollar invested when a $20 per ton 

carbon tax or carbon reduction credit is applied. 

 

In an effort to study the effects of natural gas prices and carbon taxes further, we systematically 

raised natural gas prices and applied carbon taxes at higher rates to determine when the various 

technology bundles would become competitive with the conventional ethanol plants.  For 50 

million gallon ethanol plants, we raised natural gas prices from baseline levels of $7 per 

dekatherm until they reached $10.00 per dekatherm when we saw that returns on equity for the 

plants using syrup and stover were essentially equivalent to the conventional ethanol plants.  

While natural gas at $10 gave the conventional ethanol plant a ROE of 18.1%, the CHP-Grid-

Syrup and BIGCC-Syrup ethanol plants posted ROEs of 18.0% and 18.2%, respectively.  The 

NGCC ethanol plant recorded an ROE of 17.3%.  When a $20 carbon tax is applied to a 50 

million gallon plant, the rates of returns for many of the various alternative technologies 

approach the ROE of the conventional ethanol plant, which becomes 22.7%.  Closest to the 

conventional plant is the BIGCC-Syrup ethanol plant (22.6%) followed by the CHP-Grid-Syrup 

ethanol plant (22.5%), followed by the NGCC ethanol plant (22.4%), followed by BIGCC-Stover 

ethanol plant (21.6%) and the CHP-Grid-Stover ethanol plant (21.5%).  The ROEs of the PIs  
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accompanying the 50 million gallon plants benefit from higher natural gas prices or carbon taxes, 

especially the NGCC power island, which posts the highest ROE, going from 21.0% under 

baseline conditions to 22.7% when applying a $20 carbon tax.   

 

Patterns from higher natural gas prices and the application of a $20 carbon tax follow similar 

patterns for the 100 million gallon facilities; however, it requires the higher natural gas prices of 

$10.75 to bring the ROEs of the ethanol plants served by power islands closer to the ROE of the 

conventional ethanol plant.  With a rise to $10.75 natural gas, the following ROEs result:  

conventional ethanol plant (19.3%), CHP-Grid-Syrup (19.2%), BIGCC-Syrup (19.2%), with the 

other technologies substantially lower.  With the $20 carbon tax applied, the following ROEs 

result for 100 million gallon ethanol plants:  conventional (24.7%), BIGCC-Syrup (24.5%), 

CHP-Grid-Syrup (24.4%), followed by BIGCC-Stover (24.3%).  From the standpoint of the PIs, 

the most prominent change occurring in the rise to $10.75 natural gas occurred for the BIGCC-

Stover power island, which rose from 14.6% at baseline to 17.2%, a rise of 264 basis points.  In 

the case of the power island associated with the NGCC technology for a 100 million gallon plant, 

a $20 per ton carbon dioxide tax raises the ROE from 16.9% at baseline to 20.3%, a rise of 338 

basis points. 

 

When examining the effect of exogenously applying a $50 per ton carbon tax on ethanol plants 

and power islands, we see that ROEs are raised across the board.  Such a policy would raise the 

conventional ethanol plant’s ROE from 21.0% to 24.7% and would have the effect of raising the 

ROEs of all the technologies above the conventional plant at 24.7%.  The 50 million gallon  

ethanol plants using the alternative technology bundles would record the following ROEs: 

CHP+Grid-Stover (24.8%), CHP+ Grid-Syrup(25.4%), BIGCC-Stover (24.9%), BIGCC-Syrup 

(25.5%), and NGCC (24.9%).  The ROEs of the associated power islands would also be 

enhanced and would be the following:  CHP+Grid-Stover (13.7%), CHP+ Grid-Syrup (12.2%), 

BIGCC-Stover (17.4%), BIGCC-Syrup (16.3%), and NGCC (21.7%).  For the 100 million gallon 

facilities, the ROEs for the ethanol plants and power islands range from 690 to 430 basis points 

higher when the $50 per ton carbon tax is applied, while the convention ethanol plant’s ROE 

would increase by only 370 basis points. 

 

6.2 Sensitivities affecting only the power islands for 50 million gallon facilities 

 

Our effort to model the effect of renewable electricity sale prices rising from $.10 to $.13 per 

kWh affects only the power islands of the plants that use biomass and has the effect of raising the 

ROEs over 300 basis points.  When corn stover price drops 20% from $77 to $61.60 per ton, the 

ROEs for the power islands using biomass are all improved substantially, but the NGCC bundle 

is unaffected.  When corn stover rises 15% in price from $77.00 to $88.55 per ton, ROEs of the 

power islands using corn stover are reduced, yet positive.  Utilizing the Production Tax Credit 

(PTC) at 1.1 cents per kiloWatt-hour instead of the ITC reduces the ROEs of all the biomass-

fueled technology bundles.  Increasing the PTC to the full 2.2 cents per kilowatt-hour for corn 

stover, as received by wind turbines, makes the returns nearly equivalent with the baseline for 

the BIGCC cases. The CHP + grid using stover or syrup and stover are less than the baseline 

when utilizing the ITC.   This is because they generate less electricity per dollar of capital.  

Therefore, the ITC that is based on capital costs produces higher returns.   The potential loss of 

the federal incentives for biomass has the effect of pushing ROEs below baseline levels for all 
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the biomass technology bundles.  Figure 9 portrays the impacts of the various federal incentives 

that are available.  

 

The use of 5 year modified accelerated cost recovery (MACRS) versus 15 year straight line 

depreciation has the effect of sharply reducing the ROE of the power islands of all technology 

bundles, but this may be acceptable or even preferred for certain investors using power islands as 

a tax shield.  When debt increases from 50% to 65% the ROEs for the power islands increase 

because it is a profitable situation.  Figure 10 portrays the effects of using MACRS (5 year) 

versus straight line (15 year) depreciation. Figure 11 shows the effect of different leverage levels 

for power islands as debt levels are raised from 50% to 65%. 

 

6.3 Comparing rates of return of 50 million and 100 million gallon ethanol plants 

 

In order to represent the state of the existing ethanol industry more accurately, we decided to 

model ethanol plants capable of producing 100 million gallons per year (Table 9).  Economies of 

scale reduce per unit capital costs and make the larger plants more profitable as rule.   The 

baseline rates of return for the 100 million gallon facilities are typically 170 to 210 basis points 

higher for both the ethanol plants and the power islands.  Ethanol plant of 100 million gallon 

capacity rates of return range from 20.5% for CHP + Grid Stover at the low end to 23.1% at the 

high end for the conventional ethanol plant.  The NGCC for a 100 million gallon ethanol plant is 

22.1% versus 20.3% for the 50 million gallon ethanol plant.  The highest rate of return for 

bundles using biomass is BIGCC +syrup and stover and CHP + grid for the same fuel 

combination (21.9%); the lowest is 20.5%, shared by the CHP + Grid and BIGCC options using 

stover  alone.  Both stover cases underperformed the stover + syrup technology bundles in the 

cases of the ethanol plant.  When considering the baseline levels of power islands, the highest 

rates of return on equity were with the NGCC (17.3%).  Among the biomass cases, the CHP+ 

Grid scenarios were the lowest performing bundles with use of syrup+ stover yielding 9.6% and 

stover alone yielding 11.6%.  In contrast the BIGCC using syrup + stover had a ROE of 13.3%, 

and BIGCC using stover alone, returned 14.8%.   The scenario utilizing the PTC was more 

attractive to the 100 million gallon facilities versus the 50 million gallon facilities for the BIGCC 

bundles because of the greater efficiency in producing power with lower capital cost per unit of 

output.  The 100 million gallon facilities are more profitable and therefore less dependent on 

federal incentives for positive returns than the 50 million gallon facilities.  For further details on 

the 100 million gallon facilities refer to Table 2. 
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Figure 9. Five year average returns on equity for power islands reflecting possible federal tax   

                incentives. 
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Figure 10. Rates of return on equity when applying MACRS (5 years) instead of straight line 

                 depreciation for the power island. 
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Figure 11. Effects of changing debt from 50% to 65% for the power islands serving a 50 million 

                 gallon nameplate ethanol plant. 
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Table 8. Baseline conditions for technology bundles and rates of return (%) on equity for 50 million gallon per year ethanol 

plants and power islands discovered through sensitivity testing. Key: Gray-shaded cells represent higher ROEs than the 

conventional ethanol plant. Green-shaded cells represent higher ROEs than that the power island for that particular technology 

bundle. Blue-shaded cells represent ROEs for ethanol plants and power islands at baseline conditions. 

 Ethanol Plant  Power Island 

Typical 

Dry Grind 

Plant 

CHP+Grid 

+Stover 

CHP+Grid 

+Syrup 

+Stover 

BIGCC 

+Stover 

BIGCC 

+Syrup 

+Stover 

NGCC  CHP+Grid 

+Stover 

CHP+Grid 

+Syrup 

+Stover 

BIGCC 

+Stover 

BIGCC 

+Syrup 

+Stover 

NGCC 

Baseline conditions 21.0 18.7 20.0 18.8 20.1 20.3  9.6 7.8 12.7 11.3 14.6 

Ethanol price rises 

from $2.08 to $2.38 
27.0 25.2 26.3 25.3 26.4 26.7  NC NC NC NC NC 

Ethanol price falls 

from $2.08 to $1.78 
7.9 4.1 6.0 4.2 6.2 5.6  NC NC NC NC NC 

Corn price rises 

from $4.33 to $4.83 
17.0 14.3 15.4 14.4 15.6 15.9  NC 7.1 NC 11.0 NC 

Corn price rises 

from $4.33 to $5.33 
11.1 7.7 8.4 7.8 8.5 9.3  NC 6.3 NC 10.7 NC 

Corn price falls 

from $4.33 to $3.83 
24.0 21.9 23.3 22.0 23.4 23.5  NC 8.3 NC 11.5 NC 

Natural gas rises 

from $7 to $9 
19.2 16.7 18.7 16.8 18.9 18.4  12.2 10.0 14.1 12.3 12.8 

Natural gas falls 

from $7 to $5 
22.6 20.3 21.2 20.4 21.3 22.0  6.2 4.3 11.2 10.1 16.3 

Renew. electricity 

sale price rises from 

$0.10 to $0.13 

NC NC NC NC NC NC  12.9 11.5 16.1 14.8 NC 

Renew. electricity 

sale price falls from 

$0.10 to $0.07 

NC NC NC NC NC NC  4.5 0.9 8.2 6.1 NC 

$20 Carbon tax on 

ethanol and 

electricity 

22.7 21.5 22.5 21.6 22.6 22.4  11.4 9.7 14.8 13.5 18.0 

$50 Carbon tax on 

ethanol and 

electricity 

24.7 24.8 25.4 24.9 25.5 24.9  13.7 12.2 17.4 16.3 21.7 

Corn stover falls 

from $77 to $61.60 
NC NC NC NC NC NC  12.3 9.9 14.3 12.3 NC 

Corn stover rises 

from $77 to $88.55 
NC NC NC NC NC NC  7.2 5.5 11.4 10.4 NC 

PTC of $0.011/kWh NC NC NC NC NC NC  6.2 3.6 10.8 8.8 NC 

PTC increases to 

$0.022/kWh 
NC NC NC NC NC NC  8.5 6.3 13.0 11.1 NC 

No federal incentive NC NC NC NC NC NC  3.5 0.5 8.3 6.1 14.6 

5 year MACRS 

deprecation method 

vs 15 year straight-

line 

15.9 NC NC NC NC NC  -12.3 -230 -0.8 -5.5 3.9 

Increase debt 

financing from 50% 

to 65% 

24.5 22.0 23.5 22.1 23.6 23.8  11.1 8.7 14.8 13.1 17.4 
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Table 9. Baseline conditions for technology bundles and rates of return (%) on equity for 100 million gallon per year ethanol 

plants and power islands discovered through sensitivity testing. Key: Blue-shaded cells present ROEs for ethanol plants and 

power islands at baseline conditions. Green-shaded cells represent higher ROEs than that the power island for that particular 

technology bundle. 

 Ethanol Plant  Power Island 

Typical 

Dry 

Grind 

Plant 

CHP+Grid 

+Stover 

CHP+Grid 

+Syrup 

+Stover 

BIGCC 

+Stover 

BIGCC 

+Syrup 

+Stover 

NGCC  CHP+Grid 

+Stover 

CHP+Grid 

+Syrup 

+Stover 

BIGCC 

+Stover 

BIGCC 

+Syrup 

+Stover 

NGCC 

Baseline 

conditions 
23.1 20.5 21.9 20.5 21.9 22.1  11.6 9.6 14.8 13.3 17.3 

Ethanol price 

rises from $2.08 

to $2.38 

29.1 27.2 28.3 27.2 28.3 28.6  NC NC NC NC NC 

Ethanol price 

falls from $2.08 

to $1.78 

9.0 3.7 5.8 3.7 5.8 5.5  NC NC NC NC NC 

Corn price rises 

from $4.33 to 

$4.83 

18.9 15.7 16.9 15.7 16.9 17.4  NC 8.9 NC 13.0 NC 

Corn price rises 

from $4.33 to 

$5.33 

12.6 8.1 8.7 8.1 8.7 9.9  NC 8.3 NC 12.7 NC 

Corn price falls 

from $4.33 to 

$3.83 

26.1 23.8 25.3 23.8 25.3 25.4  NC 10.2 NC 13.5 NC 

Natural gas rises 

from $7 to $9 
21.2 18.4 20.5 18.4 20.5 20.1  14.3 12.0 16.3 14.4 15.4 

Natural gas falls 

from $7 to $5 
24.7 22.2 23.1 22.2 23.1 23.9  8.2 6.4 13.2 12.1 18.9 

Renew. Elect. 

Price rises from 

$.10 to $.13 

NC NC NC NC NC NC  15.1 13.5 18.3 17.0 NC 

Renew. Elect. 

Price rises from 

$.10 to $.07  

NC NC NC NC NC NC  6.6 2.6 10.0 8.1 NC 

$20 Carbon tax 

on ethanol and 

electricity 

24.7 23.5 24.4 23.5 24.5 24.3  13.5 11.7 17.0 15.6 20.6 

$50 Carbon tax 

on ethanol and 

electricity 

26.8 26.8 27.4 26.8 27.4 26.8  15.9 14.3 19.7 18.5 24.2 

Corn stover falls 

from $77 to 

$61.60 

NC NC NC NC NC NC  14.4 11.8 16.4 14.4 NC 

Corn stover rises 

from $77 to 

$88.55 

NC NC NC NC NC NC  9.0 7.6 13.5 12.3 NC 

PTC of 

$0.011/kWh 
NC NC NC NC NC NC  9.3 6.7 13.9 11.9 NC 

PTC increases to 

$0.022/kWh 
NC NC NC NC NC NC  11.6 9.3 16.0 14.2 NC 

No federal 

incentive 
NC NC NC NC NC NC  6.6 3.4 11.4 9.1 NC 

5 year MACRS 

deprecation 

method vs. 15 

year straight-line 

NC NC NC NC NC NC  -4.2 -12.6 4.8 0.8 9.5 

Increase debt 

financing from 

50% to 65% 

26.6 23.9 25.4 23.9 25.4 25.6  13.5 11.0 17.2 15.4 20.4 
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7. Retrofitting existing ethanol plants with power islands: Special circumstances to consider 

 

Our analysis of the economic performance of ethanol plants and power islands to this point has 

been based on construction of new ethanol plants and power islands at 2011 installation costs.   

However, the existing  “blend wall”  prevailing in market for ethanol  limits market size for corn 

starch and the dry grind technology by the Energy Independence and Security Act of 2007.  This 

factor suggests that the building boom for additional dry-grind ethanol plants has past.  We have 

continued our analysis by considering and modeling the situation of power islands being built as 

retro-fit projects to serve existing dry-grind ethanol plants.  Recall that the power islands “need” 

a nearby “sink” for cheaply dumping process heat in order to enhance their power production 

potential.  We have utilized the capital cost data developed by our research partner AMEC to 

model scenarios of appropriately sized power islands being established as separate business 

entities adjacent to existing ethanol plants of 50 and 100 million gallons. 

 

We assume that the power islands seeking to work with existing dry grind plants will build and 

own the steam tube dryer that will be used as a major destination for some of the steam produced 

by the power island.  In addition we assume that the labor to operate the steam tube dryer will 

consist of ethanol plant personnel, who currently operate the direct-fired natural gas dryer at the 

ethanol plant.  This is a logical choice because the ethanol plant employees will be in direct 

control of quality of the DDGS drying operation. The ethanol plant will still have its existing 

natural gas-fired DDGS dryer that can be used as back-up in the event of technical difficulties at 

the power island. Installed cost for power islands that would be paired with existing ethanol 

plants using the various technology bundles for 50 million and 100 million gallons of annual 

capacity were presented in Table 5. 

 

7.1 Financial conditions of existing ethanol plants available for retro-fits with power islands  

 

The financial conditions of the ethanol plants around the country differ substantially, depending, 

to a great degree, upon the year in which they were built and whether or not they experienced 

bankruptcy.  Therefore, we have made some assumptions in order to characterize the financial 

conditions of ethanol plants in order to understand how attractive collaboration with a power 

island may be for them.  We have developed four scenarios for the ethanol plants.  

 

7.1.1 Ethanol plants built in 2004 (Scenario 1) 

 

The first retrofit scenario we modeled was to analyze a 50 million gallon dry grind ethanol plant 

that was built in 2004 for $1.50 per nameplate capacity.  We assume the plant was originally 

financed with 40% equity/60% debt, and a 15 year straight-line depreciation method was 

utilized. Therefore at the end of the year 2011, the book value was 47% of the original cost with 

7 years remaining on the depreciation schedule. Many plants built at this time were able to 

quickly retire their initial debt; consequently we model zero debt in Scenario 1 as this ethanol 

plant starts 2012.  This scenario was also applied in the case of a 100 million gallon plants. 
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7.1.2 Ethanol plants built in 2007 (Scenario 2) 

 

The second scenario we modeled was for an ethanol plant built in 2007 for $2.25 per nameplate 

gallon.  We assume the plant had to include more initial equity and financed the capital costs 

with 50% debt/50% equity.   As in Scenario #1, we assume a 15 year straight-line depreciation 

schedule was being used.  Therefore, 5 years of depreciation have been claimed, leaving the 

book value at 67% of the original installed capital cost.   We assumed this plant was halfway 

through their debt repayment schedule, leaving 25% of the original costs yet to be paid off in 

2012 and beyond. This scenario was scaled to consider a 100 million gallon plant as well.  

 

7.1.3 Ethanol plants built in 2007/2008 that went through bankruptcy – buyers assumed debt 

(Scenario 3) or buyers paid cash (Scenario 4) 

 

Many 50 million gallon ethanol plants were built in 2007/08 for $2.25 per gallon, but were not 

able to successfully navigate the volatile commodity markets that followed the financial market 

disruptions that occurred in the autumn of 2008.  The bankruptcy of ethanol plants just being 

launched lead to very attractive investment opportunities for the firms that had access to capital.  

Therefore we modeled two scenarios representing new or nearly new ethanol plants that were 

purchased out of the bankruptcy and resumed operations at the beginning of 2009.  Scenario 3 

represents a buyer who assumed the debt of the original firm ($56.25 million) and put in $3.75 

million in cash as working capital to begin operations with total capital costs of $60 million (or 

$1.20 per nameplate gallon).  The original plant had never run; therefore a 15 year straight line 

deprecation schedule started in 2009, leaving 12 years left to depreciate at the dawn of 2012. The 

new owners are assumed to have been able to make scheduled debt payments since operations 

began.  Scenario 4 assumes that the buyer of a bankrupt plant just like Scenario #3 paid cash 

instead of assuming debt from the lender.  The difference in returns between these last two 

scenarios shows the benefits of utilizing leverage in a profitable environment.  Scenarios 3 and 4 

were applied in cases of 50 and 100 million gallon per year plants. 

 

7.2 Discussion of retro-fit modeled returns on equity 

 

7.2.1 Scenario 1 plant sensitivities 

 

Scenario 1 plants were established in 2004, were built at lower capital costs, and enjoyed the 

advantages of quickly retiring their debt.  Table 10 contains returns on equity for ethanol plants 

and power islands at baseline conditions and for most of the same set of sensitivities considered 

for new construction of ethanol plants and power islands.  The returns on equity of independent 

ethanol plants are higher than those of all plants using either BIGCC-Stover or NGCC at baseline 

conditions.  The typical conventional 50 MM ethanol plant’s ROE exceeds that of its BIGCC-

Stover counterpart 24.1% to 21.9%.  The returns of the typical plant exceed the ROE of the 

NGCC ethanol plant by just 80 basis points.  The Power Island ROE for the BIGCC-Stover case 

is 11.2%, while its NGCC counterpart is 11.1%.  There is generally a 1000 basis point 

differential favoring the ROEs of the ethanol plants over the associated power islands under 

baseline conditions.   Among the interesting sensitivities are those portraying rising or falling 

natural gas prices from baseline.  A rise in natural gas price from $7 to $9 per dekatherm affects 

Power Islands by increasing the ROE in the case of the BIGCC-stover plant and decreasing the 



5-39 
 

ROE of the NGCC plant.  A decline in natural gas price from $7 to $5 has the opposite effect on 

Power Islands by harming the ROE of the BIGCC-Stover case and enhancing the ROE of the 

NGCC case.  This is a consequence of the steam pricing for biomass-derived steam, which are 

based on the price of natural gas.  The introduction of a $20 per ton carbon tax would enhance 

ROE for all ethanol plants and power islands from baseline levels.  However, this amount of 

carbon tax is not enough to produce ROEs of ethanol plants associated with power islands that 

exceed the conventional ethanol plant.  The $20 carbon tax results in ROEs for the conventional 

ethanol plant, the BIGCC-Stover ethanol plant, and the NGCC ethanol plant with ROEs of 

25.6%, 24.5%, and 25.3%, respectively.  The PIs associated with BIGCC-Stover and NGCC 

would experience increases of 200 and 340 basis points, respectively over their baseline levels.  

Examination of these sensitivities shows that current incentives and a potential carbon tax of $20 

applied to ethanol and renewable electricity for using biomass are not sufficient to overcome the 

cheap cost of natural gas in today’s market.  The sensitivity entitled “no federal incentives,” 

meaning no production tax credit (PTC) and no investment tax credit (ITC) have no effect on the 

ROEs of ethanol plants , but reduces the ROEs of the PIs substantially by 520 and 180 basis 

points, in the cases of BIGCC-Stover and NGCC, respectively.  The effect of increasing debt 

financing from 50% to 65% makes the ROEs more attractive for the PIs versus baseline by 

increasing them by 180 and 220 basis points in the case of BIGCC-Stover and NGCC, 

respectively. 

 

When considering Scenario 1, 100 million gallon cases with no debt, the ROEs for the bigger 

ethanol plants and power islands typically exceed the smaller 50 million gallon cases by 200 

basis points at baseline conditions. 

 

7.2.2 Scenario 2 plant sensitivities 

 

The ethanol plants conforming to Scenario 2 were assumed to be built in 2007 for $2.25 per 

nameplate gallon with initial capital costs financed with 50% debt/50% equity.  We assumed 

they had straight-line depreciation for five years with 2012 book value at 67% of original 

installed capital cost.  We assumed that such a plant would have retired half its debt by the end of 

2011, leaving debt on 25% of original cost to be paid off in 2012 and the years beyond.  Because 

of their higher debt and higher annual depreciation amounts because of higher capital costs, their 

ROEs are much lower than Scenario #1 plants, typically 800 basis points lower, as shown in 

Table 11.  Like the Scenario #1 examples, the independent, conventional ethanol plant receives 

higher ROEs than any of the ethanol plants paired with a power island.  The ROE levels of the 

50 million gallon plants are 16.2% in the case of the typical plant, 15.3% for the NGCC plant, 

and 13.8% for the BIGCC-Stover plant at baseline.  The ROEs of Power Islands for Scenario #2 

plants at baseline are 11.2% for BIGCC-Stover and 11.1% for NGCC.  The 100 million gallon 

plants conforming to scenario #2 have higher ROEs due to their lower capital costs from scale 

economies.  The typical 100 million gallon plant had an ROE at baseline of 18.2%, which is 

higher than the BIGCC –Stover example at 15.4% and the NGCC plant at 17.1%.  The Power 

Island for the 100 million gallon plants deliver ROEs that are 200 and 260 basis points higher 

than the power islands associated with 50 million gallon plants.   Overall, the ROEs for the 

Scenario #2 Power Islands are closer to the ROEs of the ethanol plants than for plants 

conforming to any of the other Scenarios, but the ROEs of power islands are always less than the 

ethanol plants, whether associated with power islands or independent for the baselines and 
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sensitivities analyzed.  Because Power Islands are able to sell steam and electricity with long-

term, durable contracts, they face far less risk than ethanol plants, which have faced volatile price 

swings in corn and ethanol prices.  Based on risk and reward parameters, it is reasonable that PI 

investors may be content with lower, yet more reliable rates of return on equity than investors in 

ethanol plants. 

 

The sensitivities for natural gas price changes are revealing for Scenario 2 plants.  A rise in 

natural gas price from $7 to $9 lowers the typical 50 million gallon plant’s ROE to 14.3% from 

16.2%.  This rise in natural gas price, raises the ROE above baseline for BIGCC-Stover plant’s 

power island, which is an exception to the effect on the other ethanol plants and power islands.  

This occurs because of the steam pricing formula, which enhances steam value for biomass when 

natural gas price rises.  However, the rise in ROE for the BIGCC-Stover Power Island (12.5%) is 

not enough to make it equal the ROE of the typical plant (14.3%).  When natural gas prices fall, 

the ROEs for the conventional ethanol plant, the BIGCC-Stover ethanol plant, and the NGCC 

ethanol plant all rise above baseline ROEs. The same fall in natural gas prices causes the ROE of 

the NGCC power island rise to 12.7% from baseline (11.1%), but the ROE of the power island of 

the BIGCC-Stover associated PI drops from 11.1% at baseline to 9.2%. 

 

The effect of having a $20 per ton carbon tax has the effect of increasing ROEs of all ethanol 

plants and power islands above their baseline levels.  The ethanol plants gain because the fuel 

they produce is more valuable as it displaces gasoline, while the power islands gain from more 

efficient use of natural gas and the production of electricity with lower accompanying carbon 

dioxide equivalent emissions.   For the 50 million gallon plants, the ROEs rise to 17.8%, 16.6% 

and 17.4% from 16.2%, 13.8%, and 15.3% in the cases of typical ethanol plant, BIGCC-Stover 

ethanol plant, and NGCC ethanol plant, respectively.   With a $20 carbon tax, the Power Islands’ 

ROEs rise 200 basis points for the BIGCC-Stover, and 340 basis points for NGCC.  Similar 

patterns, but higher magnitudes, occur when considering the effect of a $20 carbon tax on 100 

million gallon ethanol plants and associated power islands.   

 

The lack of government incentives, meaning no production tax credit (PTC) and no investment 

tax credit (ITC), causes lower ROEs versus baseline levels of power islands, but has diminished 

effect on the NGCC associated power island versus the BIGCC-Stover power island because the 

NGCC technology bundle can only claim a 10% ITC (versus 30% for the other cases).  This 

effect is also seen in the ROEs of the 100 gallon associated power islands, which are 9.0% for 

BIGCC-Stover and 12.3% for NGCC, versus baseline levels of 13.2% and 13.7%, respectively.  

By increasing the amount of debt financing, rates of return can be enhanced for Scenario #2 

power islands by 180 (BIGCC-Stover) and 220 (NGCC) basis points for 50 million gallon power 

islands and 210 (BIGCC-Stover) and 270 (NGCC) basis points for 100 million gallon power 

islands. 

 

7.2.3 Scenario 3 plant sensitivities 

 

Scenario 3 ethanol plants were assumed to be built in 2007-08 for $2.25 per gallon, but went 

bankrupt after 2008 and had new buyers assuming the debt of the original firm with 12 years left 

to depreciate at the dawn of 2012.  As shown in Table 12, the baseline ROEs of the typical 

ethanol plant and the ethanol plants associated with BIGCC-Stover and NGCC are the highest of 
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any retro-fit examples compared because of the very low equity that the new buyers have in the 

operation. While the ethanol plants have ROEs around 40%, the ROEs of the power islands are 

around 11% as in the two previous scenarios.  The ROEs of the 100 million gallon ethanol plants 

are just slightly better than their smaller peers, but the power islands of the 100 million gallon 

plants are substantially higher by 200 and 260 basis points in the cases of BIGCC-Stover and 

NGCC, respectively.  Changes in natural gas prices have minor effects on the ROEs of the 

ethanol plants, which remain high.  However, a natural gas price rise from $7 to $9 increases the 

power island ROE for the BIGCC-Stover to 12.5% from baseline, which had been 11.2%.  A 

decline in natural gas price raises ROE of the NGCC power island from 11.1% at baseline to 

12.7%. 

 

The adoption of a $20 per ton carbon tax for Scenario 3 plants has the same effect as seen in 

Scenarios #1 and #2 of raising ROEs of both ethanol plants and power islands, although the 

ethanol plants rise less from their already high rates than the power islands.  In the case of the 

100 million gallon power islands, the ROEs are 15.4% and 17.1% for the BIGCC-Stover and 

NGCC, respectively. 

 

7.2.4 Scenario 4 plant sensitivities 

 

Scenario 4 assumes that the buyer of a bankrupt plant paid cash instead of assuming debt.  The 

difference in ROEs between these last two scenarios shows the benefits of utilizing leverage in a 

profitable environment.  Scenario 4 ethanol plants have vastly lower ROEs than physically 

identical Scenario 3 ethanol plants, although the rates of return on equity are the same for the 

power islands in the baselines and all sensitivities for both 50 and 100 million gallon facilities, as 

shown in Table 13. The baseline level ROEs between Scenario #3 and Scenario #4 can be 

quickly compared in Table 14 to see the impact of leverage on low equity levels and profitable 

operations. 
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Table 10. Sensitivity analysis for retrofit plants built in 2004 and having retired all debt, rates of return (%) on 

equity (Scenario 1). 

Retrofit #1 50 Million Gallon Per Year Ethanol Plant  100 Million Gallon Per Year Ethanol Plant 

Ethanol Plant  Power Island  Ethanol Plant  Power Island 

Typical 

Dry 

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC  Typical 

Dry 

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC 

Baseline conditions 24.1 21.9 23.3  11.4 11.4  26.1 23.5 25.0  13.4 14.1 

Ethanol price rises from 

$2.08 to $2.38 
29.7 27.9 29.2  NC NC  31.5 29.7 31.0  NC NC 

Ethanol price falls from 

$2.08 to $1.78 
11.7 8.0 9.4  NC NC  12.7 7.5 9.2  NC NC 

Corn price rises from 

$4.33 to $4.83 
20.4 17.7 19.2  NC NC  22.2 19.0 20.6  NC NC 

Corn price rises from 

$4.33 to $5.33 14.7 11.4 12.9 
 NC NC  16.2 11.7 13.5  NC NC 

Corn price falls from 

$4.33 to $3.83 
26.9 24.9 26.3  NC NC  28.8 26.6 28.0  NC NC 

Natural gas rises from 

$7 to $9 
22.4 20.0 21.5  12.8 9.6  24.3 21.5 23.1  14.9 12.2 

Natural gas falls from 

$7 to $5 
25.6 23.4 24.9  9.9 13.1  27.6 25.1 26.6  11.9 15.7 

Electricity sale price 

rises from $0.10 to 

$0.13 

NC NC NC  14.7 NC  NC NC NC  16.8 NC 

Electricity sale price 

falls from $0.10 to $0.07 
NC NC NC  7.0 NC  NC NC NC  8.8 NC 

$20 carbon tax 25.6 24.5 25.3  13.4 14.7  27.6 26.3 27.0  15.6 17.4 

Corn stover falls from 

$77 to $61.60 
NC NC NC  12.9 NC  NC NC NC  15.0 NC 

Corn stover rises from 

$77 to $88.55 
NC NC NC  10.2 NC  NC NC NC  12.1 NC 

PTC of $0.011/kWh NC NC NC  8.8 NC  NC NC NC  11.9 NC 

PTC increases to 

$0.022/kWh 
NC NC NC  11.0 NC  NC NC NC  14.0 NC 

No federal incentive NC NC NC  6.3 9.7  NC NC NC  9.4 12.7 

5 year MACRS 

deprecation method vs. 

15 year straight-line 

NC NC NC  -4.9 -5.6  NC NC NC  1.2 2.5 

Increase debt financing 

from 50% to 65% 
NC NC NC  13.3 13.7  NC NC NC  15.6 16.8 
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Table 11. Sensitivity analysis for retrofit plants built in 2007 at higher initial costs, higher debt levels, rates of return 

(%) on equity (Scenario 2). 

Retrofit #2 50 Million Gallon Per Year Ethanol Plant  100 Million Gallon Per Year Ethanol Plant 

Ethanol Plant  Power Island  Ethanol Plant  Power Island 

Typical 

Dry  

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC  Typical 

Dry  

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC 

Baseline conditions 16.2 13.7 15.3  11.4 11.4  18.3 15.4 17.1  13.4 14.1 

Ethanol price rises from 

$2.08 to $2.38 
22.4 20.3 21.9  NC NC  24.6 22.4 23.9  NC NC 

Ethanol price falls from 

$2.08 to $1.78 
4.0 0.2 1.7  NC NC  4.9 0.3 1.8  NC NC 

Corn price rises from 

$4.33 to $4.83 
12.2 9.6 11.1  NC NC  14.1 10.8 12.5  NC NC 

Corn price rises from 

$4.33 to $5.33 
6.8 3.8 5.1  NC NC  8.1 4.0 5.6  NC NC 

Corn price falls from 

$4.33 to $3.83 
19.2 16.9 18.5  NC NC  21.4 18.9 20.5  NC NC 

Natural gas rises from 

$7 to $9 
14.3 11.9 13.4  12.8 9.6  16.3 13.4 15.1  14.9 12.2 

Natural gas falls from 

$7 to $5 
17.8 15.4 17.0  9.9 13.1  19.9 17.2 18.9  11.9 15.7 

Electricity sale price 

rises from $0.10 to 

$0.13 

NC NC NC  14.7 NC  NC NC NC  16.8 NC 

Electricity sale price 

falls from $0.10 to $0.07 
NC NC NC  7.0 NC  NC NC NC  8.8 NC 

$20 Carbon tax 17.8 16.6 17.4  13.4 14.7  20.0 18.5 19.3  15.6 17.4 

Corn stover falls from 

$77 to $61.60 
NC NC NC  12.9 NC  NC NC NC  15.0 NC 

Corn stover rises from 

$77 to $88.55 
NC NC NC  10.2 NC  NC NC NC  12.1 NC 

PTC of $0.011/kWh NC NC NC  8.8 NC  NC NC NC  11.9 NC 

PTC increases to 

$0.022/kWh 
NC NC NC  11.0 NC  NC NC NC  14.0 NC 

No federal incentive NC NC NC  6.3 9.7  NC NC NC  9.4 12.7 

5 year MACRS 

deprecation method vs. 

15 year straight-line 

NC NC NC  -4.9 -5.6  NC NC NC  1.2 2.5 

Increase debt financing 

from 50% to 65% 
NC NC NC  13.3 13.7  NC NC NC  15.6 16.8 
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Table 12. Sensitivity analysis for retrofit plants built in 2007/2008 that went through bankruptcy – buyer assumes 

debt, rates of return (%) on equity (Scenario 3). 

Retrofit #3 50 Million Gallon Per Year Ethanol Plant  100 Million Gallon Per Year Ethanol Plant 

Ethanol Plant  Power Island  Ethanol Plant  Power Island 

Typical 

Dry 

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC  Typical 

Dry 

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC 

Baseline conditions 40.8 39.8 40.4  11.4 11.4  41.5 40.5 41.1  13.4 14.1 

Ethanol price rises from 

$2.08 to $2.38 
42.7 42.2 42.6  NC NC  43.2 42.7 43.0  NC NC 

Ethanol price falls from 

$2.08 to $1.78 
31.9 26.4 28.7  NC NC  33.0 25.3 28.4  NC NC 

Corn price rises from 

$4.33 to $4.83 
39.0 37.4 38.3  NC NC  39.9 38.1 39.1  NC NC 

Corn price rises from 

$4.33 to $5.33 
35.0 31.6 33.3  NC NC  36.2 32.0 33.8  NC NC 

Corn price falls from 

$4.33 to $3.83 
41.8 41.1 41.6  NC NC  42.4 41.7 42.2  NC NC 

Natural gas rises from 

$7 to $9 
40.0 38.8 39.6  12.5 9.2  40.8 39.6 40.3  14.9 12.2 

Natural gas falls from 

$7 to $5 
41.4 40.5 41.1  9.9 13.1  42.0 41.2 41.7  11.9 15.7 

Electricity sale price 

rises from $0.10 to 

$0.13 

NC NC NC  14.7 NC  NC NC NC  16.8 NC 

Electricity sale price 

falls from $0.10 to $0.07 
NC NC NC  7.0 NC  NC NC NC  8.8 NC 

$20 Carbon tax 41.4 41.0 41.2  13.4 14.7  42.0 41.6 41.8  15.6 17.4 

Corn stover falls from 

$77 to $61.60 
NC NC NC  12.9 NC  NC NC NC  15.0 NC 

Corn stover rises from 

$77 to $88.55 
NC NC NC  10.2 NC  NC NC NC  12.1 NC 

PTC of $0.011/kWh NC NC NC  8.8 NC  NC NC NC  11.9 NC 

PTC increases to 

$0.022/kWh 
NC NC NC  11.0 NC  NC NC NC  14.0 NC 

No federal incentive NC NC NC  6.3 9.7  NC NC NC  9.4 12.7 

5 year MACRS 

deprecation method vs. 

15 year straight-line 

NC NC NC  -4.9 -5.6  NC NC NC  1.2 2.5 

Increase debt financing 

from 50% to 65% 
NC NC NC  13.3 13.7  NC NC NC  15.6 16.8 
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Table 13. Sensitivity analysis for retrofit plants built in 2007/2008 that went through bankruptcy – buyer pays cash, 

rates of return (%) on equity (Scenario 4). 
Retrofit #4 50 Million Gallon Per Year Ethanol Plant  100 Million Gallon Per Year Ethanol Plant 

Ethanol Plant  Power Island  Ethanol Plant  Power Island 

Typical 

Dry 

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC  Typical 

Dry 

Grind 

Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC 

Baseline conditions 18.5 16.4 17.7  11.4 11.4  20.3 17.9 19.3  13.4 14.1 

Ethanol price rises from 

$2.08 to $2.38 
23.9 22.1 23.4  NC NC  25.8 23.9 25.3  NC NC 

Ethanol price falls from 

$2.08 to $1.78 
8.6 6.2 7.1  NC NC  9.3 5.9 7.0  NC NC 

Corn price rises from 

$4.33 to $4.83 
15.2 13.0 14.2  NC NC  16.7 14.0 15.4  NC NC 

Corn price rises from 

$4.33 to $5.33 
10.8 8.4 9.4  NC NC  11.8 8.6 9.8  NC NC 

Corn price falls from 

$4.33 to $3.83 
21.1 19.1 20.5  NC NC  23.0 20.8 22.2  NC NC 

Natural gas rises from 

$7 to $9 
16.9 14.9 16.1  12.8 9.6  18.6 16.1 17.5  14.9 12.2 

Natural gas falls from 

$7 to $5 
19.8 17.8 19.2  9.9 13.1  21.7 19.4 20.8  11.9 15.7 

Electricity sale price 

rises from $0.10 to 

$0.13 

NC NC NC  14.7 NC  NC NC NC  16.8 NC 

Electricity sale price 

falls from $0.10 to $0.07 
NC NC NC  7.0 NC  NC NC NC  8.8 NC 

$20 Carbon tax 19.9 18.8 19.5  13.4 14.7  21.7 20.5 21.2  15.6 17.4 

Corn stover falls from 

$77 to $61.60 
NC NC NC  12.9 NC  NC NC NC  15.0 NC 

Corn stover rises from 

$77 to $88.55 
NC NC NC  10.2 NC  NC NC NC  12.1 NC 

PTC of $0.011/kWh NC NC NC  8.8 NC  NC NC NC  11.9 NC 

PTC increases to 

$0.022/kWh 
NC NC NC  11.0 NC  NC NC NC  14.0 NC 

No federal incentive NC NC NC  6.3 9.7  NC NC NC  9.4 12.7 

5 year MACRS 

deprecation method vs. 

15 year straight-line 

NC NC NC  -4.9 -5.6  NC NC NC  1.2 2.5 

Increase debt financing 

from 50% to 65% 
NC NC NC  13.3 13.7  NC NC NC  15.6 16.8 
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Table 14. Comparison of rates of return (%) on equity for 50 and 100 million gallon ethanol plants contrasting 

baseline rates of return for Scenario 3 and Scenario 4 ethanol plants, which went through bankruptcy. 

 

50 Million Gallon Per Year Ethanol Plant  100 Million Gallon Per Year Ethanol Plant 

Ethanol Plant  Power Island  Ethanol Plant  Power Island 

Typical Dry 

Grind Plant 

BIGCC 

+Stover 

NGCC  BIGCC 

+Stover 

NGCC  Typical Dry 

Grind Plant 

BIGCC 

+Stover 

NGCC  BIGCC    

+Stover 

NGCC 

Baseline 

Scenario #3 
40.8 39.8 40.4  11.4 11.4  41.5 40.5 41.1  13.4 14.1 

Baseline 

Scenario #4 
18.5 16.4 17.7  11.4 11.4  20.3 17.9 19.3  13.4 14.1 

 

 

8. Conclusions of our analysis: BIGCC, NGCC, power islands, and ethanol plants 

 

In our analysis we carefully separated the capital costs of the power islands and the ethanol 

plants. Then we applied the results of Aspen Plus to determine flows of thermal energy when 

released from combusted or gasified biomass or natural gas. Later, we tried to develop some 

common sense contractual relationships that might exist between a power island and an ethanol 

plant. With respect to the two business entities that would own and operate the ethanol plants and 

power islands, we considered the available incentives and applied those to the extent they could 

be utilized by either party. We have extended our analysis to consider the formalization of 

policies like carbon taxes or permit fees or carbon credits that would enhance the returns for 

businesses that, indeed, reduce greenhouse gas emissions (GHG). Following are conclusions 

from the analysis: 

 

• The high capital requirements of the power islands make the energy incentives and tax 

credits very important to investors who might consider ownership and operation of power 

islands. 

• Separating the biorefinery functions into the power island and ethanol plant is a rational 

step that could hasten the development of more combined heat and power (CHP) 

production in the U.S. 

• This structure would result in the production of ethanol with a lower carbon footprint and 

substantial amounts of distributed renewable electricity with a much lower carbon 

footprint than coal-fired power plants. 

• Examination of retrofit examples reveals that some ethanol plants are positioned with 

favorable rates of return and would be solid financial collaborators with investors 

planning to form a power island. The fact that the ethanol plant exists as an on-going 

business with a history and reputation for performance as well as financial records, may 

be an attractive feature for power islands that might be established. 

• The fuel ethanol industry faces scrutiny with respect to their processes and their ability to 

document improvements in efforts to reduce Greenhouse Gas emissions, so some 

motivation may arise from the two hundred corn ethanol plants in the U.S. to improve 

their environmental performance by using biomass for process heat and generation of 

electricity. 

• Economic attractiveness of biomass combined heat and power at ethanol plants is very 

sensitive to natural gas price. Other conditions being equal, biomass approaches a break-
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even point for both the power island and ethanol plant when natural gas price approaches 

$10.00 per million BTU. It should be noted that in 2008, the price of natural gas 

exceeded this level, but currently is in the range of $5.00 per million BTU. 

• Natural gas combined cycle (NGCC) electricity generation at ethanol plants can be an 

attractive interim strategy for producing lower carbon electricity for rate payers and lower 

carbon footprint biofuels for their vehicles until biomass-based electricity generation 

alternatives become economically attractive. 

 

9. Summary statements for biomass use for CHP and policy implications 

 

We have studied the potential of BIGCC to extract the most energy from each unit of biomass in 

our most recent study and also compared it to a fossil fuel option (NGCC).  This most recent 

installment on our five years of effort examining use of biomass at conventional ethanol plants to 

produce thermal energy and electricity echoes and confirms some our previous conclusions 

including the following: 

 

• From an engineering perspective, biomass located at or near corn ethanol plants can be 

utilized to make improvements in the carbon footprint of ethanol and electricity 

produced. 

• The important fields of thermal dynamics and enthalpy are well understood, and 

equipment is available to transform the dry grind ethanol plants away from fossils fuels to 

renewable biomass in the production of process heat and renewable electricity. 

• Excellent environmental performance can be achieved by the use of biomass at this time 

using some of the technology bundles that we have analyzed. 

• Adoption of some of the technology bundles that we have analyzed, especially BIGCC-

Stover, may have less financial risk than efforts to produce cellulosic ethanol which 

suffers from technology challenges and challenges raising investment capital. 

 

In terms of hurdles for implementation of the use of biomass at dry grind ethanol plants, the 

engineering issues are manageable, but the economic issues may take more time and effort to 

achieve, for the following reasons: 

 

• The markets for biomass are undeveloped with a lack of market grades and contractual 

experience. 

• There is the need for integrators to contract and assemble corn stover supplies. 

• The installed investment costs of power islands are large and the concept has not been 

completely developed with legal mechanisms and legal expertise. 

• Some federal incentives are transitory in nature and hinder investment. 

• The development of distributed electrical power producers are likely to be contested by 

established power utilities who will seek to protect their installed capacity. 

• Climate legislation identifying GHG reduction targets and establishment of carbon 

penalties or credits for reductions are unlikely to be clarified in the near term. 

• At this time we have very low prices for the fossil fuels of coal and natural gas for 

electricity generation and use at ethanol plants.  With slack demand for power, it is 

difficult for more expensive, but greener electricity to establish a larger share of the 

market. 
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• Potential Investors may be cautious about investing in Power Islands associated with 

ethanol plants because of perceptions of risk in the ethanol industry. 
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Public Policy Impacting Electricity Generation at Ethanol Plants – Meeting 

Needs for Regional Power Generation 
by 

Larry Schedin and Bill Glahn 

LLS Resources, LLC 

 

Abstract 

 

With the legal, physical, and economic barriers confronting competing baseload sources of 

electricity, Biomass Integrated Gasification Combined Cycle Electricity Generation at Ethanol 

Plants represents an attractive and underutilized resource. Federal, regional, and state 

developments favor the implementation of the type of resource utilization studied in this project. 

 

Although state energy policy favors, and provides some incentives for this type of project, 

additional legislation, financial incentives, and public policy should be directed to encourage the 

development of this unique state resource because it delivers clear improvements in 

environmental performance.  

1. U of M Project Includes a Number Facets Favored by Public Policy 

The University of Minnesota, beginning with related work in 2005, has studied the use of 

biomass for the co-production of electricity and process heat at ethanol plants (“the Project”).  

The Project has worked to research and document the significant opportunities to provide new 

electric generation resources in Minnesota, from a historically underutilized source. 

This co-production of electricity and process steam using biomass involves a number of distinct 

facets, each of which is favored by public policy at the state, regional, and federal levels.  These 

facets include electric power that is co-generated, distributed, dispersed, renewable, and 

baseload. 

Co-Generation/Combined Heat and Power/Combined Cycle—the co-production of electricity 

and process steam at ethanol plants would be considered co-generation, also known as combined 

heat and power (CHP).  The production of two useful types of energy from a single fuel stock is 

considered to be highly efficient.  To the extent that any facility uses process steam to produce 

additional electricity from that same fuel stock, it is said to operate in “combined cycle”, which 

is also considered a highly efficiency method of producing electricity.  

Distributed/Dispersed—Minnesota’s ethanol industry is scattered across Minnesota.  Production 

of electricity at ethanol facilities would be considered either “distributed” or “dispersed” as such 

production would occur adjacent to significant electrical loads and not concentrated at a single, 

central location.  Although the terms are often used interchangeably, “Distributed” (called DG) is 

favored as it reduces both the need for investment in transmission capacity to move power long 

distances and the associated thermal losses from this transportation of energy.  “Dispersed” is 

favored because the dispersion of generation at multiple sites limits the impact on the grid of the 
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loss of a single production facility, a form of portfolio diversification, if you will.  Under 

Minnesota state law, “Distributed” refers to electrical generation facilities with capabilities of 

less than 10 MW located on customer premises and burning clean fuel.
1
  “Dispersed” usually 

refers to plants of more than 10 MW but less than 50 MW (or 40 MW in some cases). However, 

unlike DG, Dispersed generation has no facilitating regulations. 

Renewable—With its use of biomass as the primary feedstock (fuel), the electricity produced 

meets the definition of renewable power in Minnesota state law.  The biomass would be locally 

collected/produced. 

Baseload—A characteristic of ethanol plants includes operations that take place 24 hours per 

day, 7 days a week, for at least 330 days per year.  Baseload power is prized by planners and 

electric markets for its low and stable total production cost along with high level of availability 

and reliability. 

2.  Minnesota Energy Policy Favors Facilities Such as the Project  

Minnesota state energy policy favors each of these aspects of the Project.  For example, biomass-

produced electricity has been used to satisfy Minnesota’s Renewable Energy Objective (REO), 

which has evolved into the current Renewable Energy Standard (RES), the requirement that the 

state’s utilities obtain at least 25 percent of their electrical energy requirements by the year 2025 

from renewable sources .
2
   

The REO was adopted by the legislature in 2001, the RES was added in 2007. Under the 

REO/RES, utilities face a number of interim milestones, as shown below in Table 1, for the share 

of their electrical energy that is produced from eligible renewable sources.  As the state’s only 

nuclear plant-owning utility, Xcel Energy faces a steeper RES standard.  To date, it appears that 

all interim milestones have been met. 

Table 1. RES/REO milestones. 

Year Xcel Energy, % Other Utilities, %  Year Xcel Energy, % Other Utilities, % 

2005 1 1  2016 25 17 

2006 2 2  2017 25 17 

2007 3 3  2018 25 17 

2008 4 4  2019 25 17 

2009 5 5  2020 30 20 

2010 15 6  2021 30 20 

2011 15 7  2022 30 20 

2012 18 12  2023 30 20 

2013 18 12  2024 30 20 

2014 18 12  2025 30 25 

2015 18 12     

                                                 
1
 See Minnesota Statutes § 216B.1611. 

2
 § 216B.1691 Subd. 1(a)(5).  For Xcel Energy, the requirement is 30 percent renewable energy by 2020. 
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Furthermore, locally-owned biomass projects are eligible for “C-BED” status (community-based 

energy development),
3
 which encourages utilities to pay a premium price for such power.  In 

addition, as expressed in state statute, distributed generation is favored in interconnection 

requirements.
4
   

Beyond the renewable energy objective/standard, electric utilities may offer their customers 

“high efficiency” energy rate options.
5
  Facilities smaller than 10 MW qualify for these rates.  

Utilities may also offer their customers “green pricing” options beyond those required by the 

renewable energy standard and biomass power would qualify.
6
   

In Minnesota, electric utilities may use a portion of their mandated conservation improvement 

program (CIP) spending on distributed and renewable (including biomass) projects.
7
 

As already noted, Minnesota energy policy favors cogeneration, facilities where both electricity 

and thermal energy are co-produced.  Minnesota Statutes state, 

“The legislature finds and declares that significant public benefits may be 

derived from the cogeneration of electrical and thermal energy and that 

cogenerated district heating may result in improved utilization and 

conservation of fuel,…and the establishment of a reliable, competitively 

priced heat source.”
8
 

3. Transmission Access is a Major Barrier, But Relief is in Sight 

Also noted above, facilities such as the Project reduce the need for transmission investment by 

locating near electrical loads, and reduce the amount of thermal loss that occurs in electrical 

transmission.  However, access to the electrical grid represents a significant barrier to 

implementing the Project.  

But here too, Minnesota has actively worked to promote technologies like the Project, helping to 

ease access to the transmission grid.   

In 2007, the Minnesota Legislature enacted a law
9
 requiring the state’s Department of Commerce 

to study the feasibility of siting 1,200 MW of dispersed generation, in project sizes of 10 to 40 

MW, around the state.  The study was conducted in two phases of 600 MW each:  the first phase 

                                                 
3
 § 216B.1612, enables utilities to pay a premium for electricity generated from C-BED projects 

4
 Minnesota Statutes Chapter 216B.1611, each electric utility is required to have separate interconnection standards 

for distributed generation of 10 MW or less, “fueled by natural gas or a renewable fuel.” 
5
 § 216B.169. 

6
 § 216B.169 Subd. 2(d). 

7
 § 216B.2411. 

8
 § 216B.166, allows for rates that encourage utility-owned or district cogeneration. 

9
 Laws of Minnesota, Chapter 136, Article 4, Section 17. 
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was completed in June 2008,
10

 and the second phase was completed in September 2009.
11

  The 

first phase report concluded that an initial 600 MW could be successfully sited within the 

existing transmission infrastructure.
12

  The second phase study concluded that siting another 600 

MW would require significant investment in the state’s transmission infrastructure.
13

 

As it happens, plans are in place to make significant investments in the state’s electrical grid.  

CapX2020 is the umbrella effort to construct nearly 700 miles of high voltage transmission lines 

across the state, at an estimated cost of up to $2 billion.
14

  The first segment of the first line is 

now under construction, but efforts are already underway to determine the projects to be 

included in a second phase.
15

 

4. Minnesota Places Restrictions on Certain Types of New Baseload Generation 

Power that is available on a 24-hour-a-day, nearly year-round basis is known as “baseload” 

generation.  Such energy is typically provided by nuclear, coal-fired, or large-scale hydroelectric 

power plants.  Biomass-based, cogeneration at ethanol plants offers a fourth source of baseload 

generation, and the only source that can be currently implemented within Minnesota, as is 

explained in this section 

Given the topography and geography of the state, no large-scale hydro-electric opportunities 

exist within Minnesota.  Smaller sites have, for the most part, already been developed, as part of 

the build out in the early stages of the electric utility industry in the late 19
th

 and early 20
th

 

centuries.  Large scale opportunities exist in neighboring states and provinces, for example, a 

proposed new project in northern Manitoba.
16

  However, as large scale hydro projects take time 

to develop, only limited amounts are likely to be available for import into the state until the end 

of this decade, at the earliest.  

The Minnesota Legislature has made developing new nuclear or coal projects all but impossible.  

A 1994 law prohibits the state’s Public Utilities Commission (PUC) from issuing required 

permits for a new nuclear power plant.
17

  A 2007 law imposes a series of conditions on a new, 

coal-fired power plant, which create a de facto ban on new projects within Minnesota or new 

coal importation from out of state.
18

  The state’s current fleet of coal and nuclear plants is 

expected to reach the end of its useful life in the late 2020’s and early 2030’s. 

                                                 
10

 See 

http://www.state.mn.us/portal/mn/jsp/content.do?agency=Energy&action=content&contenttype=EDITORIAL&cont

entkey=DRG_Transmission_Study_Vol_I_061608045236  
11

 See 

http://www.state.mn.us/portal/mn/jsp/content.do?agency=Energy&action=content&contenttype=EDITORIAL&cont

entkey=DRG_Transmission_Study_Phase_II_Vol_I_091509020354  
12

 Transmission Study, Phase 1, Volume 1, page 3. 
13

 Transmission Study, Phase 2, Volume 1, page 13. 
14

 See http://www.capx2020.com.  
15

 See http://www.midwestenergynews.com/2011/08/09/midwest-capx2020-transmission-buildout-looks-ahead-to-

next-phase.  
16

 See http://www.hydro.mb.ca/projects/keeyask/project_overview.shtml.  
17

 § 216B.243 Subd. 3b. 
18

 § 216H.03. 

http://www.state.mn.us/portal/mn/jsp/content.do?agency=Energy&action=content&contenttype=EDITORIAL&contentkey=DRG_Transmission_Study_Vol_I_061608045236
http://www.state.mn.us/portal/mn/jsp/content.do?agency=Energy&action=content&contenttype=EDITORIAL&contentkey=DRG_Transmission_Study_Vol_I_061608045236
http://www.state.mn.us/portal/mn/jsp/content.do?agency=Energy&action=content&contenttype=EDITORIAL&contentkey=DRG_Transmission_Study_Phase_II_Vol_I_091509020354
http://www.state.mn.us/portal/mn/jsp/content.do?agency=Energy&action=content&contenttype=EDITORIAL&contentkey=DRG_Transmission_Study_Phase_II_Vol_I_091509020354
http://www.capx2020.com/
http://www.midwestenergynews.com/2011/08/09/midwest-capx2020-transmission-buildout-looks-ahead-to-next-phase
http://www.midwestenergynews.com/2011/08/09/midwest-capx2020-transmission-buildout-looks-ahead-to-next-phase
http://www.hydro.mb.ca/projects/keeyask/project_overview.shtml
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5. Federal Policy and Federal Incentives Favor Both Biomass and Cogeneration 

Federal legislation in recent years has favored projects involving both industrial energy 

efficiency (cogeneration) and renewable energy (biomass).  The 2009 American Recovery and 

Reinvestment Act (ARRA) included a number of incentives for renewable energy and energy 

efficiency projects, including an investment tax credit, accelerated depreciation methodology, an 

extension of certain production tax credits, and other direct grants and incentives. 

 

The Energy Independence and Security Act of 2007—which amends the Energy Policy and 

Conservation Act of 2005 (EPACT 2005)—includes an extensive focus on improvements in 

industrial efficiency efforts, such as combined heat and power (CHP) in industrial plants, 

including biorefineries such as ethanol plants.  

 

The Project utilizes CHP as an integral part of the process, so it represents an excellent fit with 

recent federal priorities.  As CHP greatly increases the efficiency of ethanol plants through heat 

recovery, there may be a good opportunity to develop a prototype based on results from the 

Project.  

 

The federal commitment to cogeneration and combined heat and power dates back even earlier.  

In 1978, Congress passed the Public Utility Regulatory Policies Act (PURPA).  This Act, which 

has been amended in subsequent years, accomplishes three potential benefits of note for plants 

such as the Project:  it compels local utilities to interconnect to “Qualifying Facilities (QF’s)”, 

compels utilities to provide backup power to QF’s at reasonable cost, and compels local utilities 

to purchase power produced from QF’s at “avoided costs.”  Either renewable (biomass) or 

natural gas fueled cogeneration plants meeting a minimum efficiency standard are eligible to 

meet the definition of Qualifying Facility.
19

  As stated in amended PURPA regulations 

administered by the Federal Energy Regulatory Commission, cogeneration plants of less than 20 

MW in size and burning natural gas or renewable fuels are presumed to qualify as “QF’s”.  

  

6. Efforts to Reduce Carbon Favor Biomass and CHP 

  

In addition to past policy initiatives, a number of expected future policy initiatives should favor 

facilities such as the Project.  One effort, in particular, may prove helpful:  the drive to reduce 

emissions of carbon dioxide and other greenhouse gasses (GHG).  Establishing that biomass-

powered systems meet the criteria for closed-loop biomass and demonstrating the carbon or 

greenhouse gas reductions of these systems compared to fossil fuel powered systems for both 

electricity and ethanol production will be critical for realizing full economic potential.  Many 

federal programs require documenting these carbon or GHG reductions, and potential carbon 

markets in the U.S. and abroad will be important drivers of these investments.  

 

Preliminary results using biomass for electricity generation show the potential for significant 

additional reductions in lifecycle GHGs for the ethanol produced compared to conventional 

ethanol production.  Ethanol produced in a conventional dry grind system using natural gas for 

process heat and fossil generated electricity from the grid results in approximately a 50% 

reduction in GHGs per unit of energy compared to gasoline. However, producing ethanol using 

                                                 
19

 See http://www.ferc.gov/industries/electric/gen-info/qual-fac/what-is.asp.  

http://www.ferc.gov/industries/electric/gen-info/qual-fac/what-is.asp
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CHP to meet process heat and electricity needs of the plant as well as sending electricity to the 

grid leads to approximately 115% reduction in GHGs per unit of energy compared to gasoline.  

Ethanol produced at a CHP plant will likely meet the definition of advanced biofuels, with 

mandated quantities as defined in the Energy Independence and Security Act of 2007.  

 

At the state level, the potential for carbon reductions may favor such projects in the Public 

Utilities Commission’s resource planning and certificate of need processes.  Each electric 

utility in the state must submit periodic reports to the PUC on how it plans to meet 

resource requirements for the next twenty years (the Integrated Resource Plan (IRP) 

process).  Every energy project greater than 50 MW must receive a permit from the PUC 

prior to construction called a Certificate of Need (CON).  Minnesota state law requires the 

PUC to consider carbon output in both the IRP and CON
20

 processes.  In addition, 

renewable energy (including biomass) receives preference in IRP proceedings,
21

 with state 

law going as far to instruct, 

 

“The commission shall not approve a new or refurbished nonrenewable 

energy facility…unless the utility has demonstrated that a renewable energy 

facility is not in the public interest.”  

 

7. Current Integrated Resource Plans (IRP’s) Rely Too Heavily on Wind, Gas 

 

With such resources favored in the IRP process, a review of four Integrated Resource Plans on 

file with the PUC would indicate how such preferences are put into practice.  IRP’s for four 

utilities were examined: Xcel Energy, Minnesota Power, Otter Tail Power, and Interstate Power 

and Light.  

 

Utilities have met the interim requirements of the Renewable Energy Objective/Standard 

primarily with wind power.  Other recent additions to utility fleets have included natural gas-

fired simple cycle and combined cycle power plants. With the various moratoria in place, no 

large-scale coal or nuclear facilities have been built since the late 1980’s. 

 

A review of the four IRP’s indicates that wind continues to be the preference for renewable 

power, and natural gas-fired units continues to be preferred for all other applications of new 

generation.  Such applications of natural-gas technology include baseload, for which the fuel is 

not well-suited.  Although natural gas prices in recent times have been near historic lows, the 

fuel is notorious for price volatility.  A large or sudden shift upwards in price, may make natural 

gas competitors, including biomass-fueled cogeneration, a more attractive option.  Utilities 

include natural gas, combined cycle generation as a proxy for baseload resources in the IRP’s 

due to the statutory restrictions on other forms of baseload power. 

 

 

                                                 
20

 § 216H.06 
21

 § 216B.2422 Subd. 2 and Subd. 4. 
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8. EPA Regulation Threatens to Shutter One in Five Coal Plants 

One reason that state-level IRP and CON processes may prove important involves current 

actions being taken by the federal Environmental Protection Agency (EPA).  This Agency is 

engaged in a number of rulemaking and regulatory efforts that may have the effect of shutting 

down older, coal-fired power plants that serve Minnesota.  The EPA has recently  issued or is 

now is the process of promulgating new rules on carbon, mercury, fine particulate matter, NOx, 

SOx, ozone, cooling water discharge, coal combustion byproducts and other emissions 

associated with coal power.  A December 2010 study by The Brattle Group consultancy 

estimates that up to 50,000 MW of coal power (1/5 of the U.S. fleet) would need to be retired as 

a result of these regulations.
22

  Of this total, some 16,000 to 20,000 MW would be retired in the 

“Midwest ISO” region, which serves Minnesota, up to 28 percent of the coal fleet in the area.
23

 

9. Recent Changes at Midwest Region’s MISO Favor the Project 

If retirements of coal units take place at that pace, “reserve margins” may be threatened, 

necessitating additions to the electrical generating fleet.  In the Midwest, the institutions which 

determine how much generation must be available to meet requirements include the Midwest 

Independent Transmission System Operator (MISO) and the Midwest Reliability Organization 

(MRO). 

Traditionally, the amount of generation kept on hand to meet the needs of consumers was 

determined by calculating a peak demand for a utility system and adding a reserve margin, 

usually 15 percent, to account for contingencies such as unexpected failure of equipment.  

Recently, reliability organizations have taken a different approach to calculating reserve margins, 

by incorporating a generating unit’s expected availability to meet peak requirements.  Reliable, 

baseload generation, such as the Project, should benefit from this redefinition of reserve 

requirements, as its expected availability will be greater than that of wind or conventional 

combined-cycle capacity. 

10. Biomass Can Be Cost Competitive With Conventional Power 

In the event that vast additions to the generating fleet are needed, recent research indicates that 

facilities such as the Project can be cost-competitive with other new generating technologies. 

Past milestone reports prepared by the University indicate that the Project can be cost 

competitive with recent baseload generation projects.  In addition cost data used by the U.S. 

Department of Energy’s Energy Information Administration (EIA)
24

 show that such technology 

is expected to be competitive into the future. The EIA has produced data which include the 

amounts for each technology, expressed as cents per kWh, levelized costs (Table 2). 

                                                 
22

 See http://www.brattle.com/NewsEvents/NewsDetail.asp?RecordID=882.  
23

 Study, p. 9.  See http://www.brattle.com/_documents/UploadLibrary/Upload898.pdf . 
24

 See http://www.eia.gov/oiaf/aeo/electricity_generation.html  

http://www.brattle.com/NewsEvents/NewsDetail.asp?RecordID=882
http://www.eia.gov/oiaf/aeo/electricity_generation.html
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Table 2. EIA’s cost of power for different technologies. 

Technology Cents/kWh 

Advanced Coal 10.94 

Natural Gas Combined Cycle 6.61 

Advanced Nuclear 11.39 

Wind 9.70 

Biomass 11.25 

 

Biomass power is competitive with nuclear and coal, the usual sources of baseload power.  

Biomass is not far from being cost competitive with wind power and represents a far more 

reliable resource.  Historically low natural gas prices favor combined cycle applications, but this 

technology is better suited to “intermediate-load” duty and less suited to baseload applications. 

11. Conclusions 

With the legal, physical, and economic barriers confronting competing baseload sources of 

electricity, the Project represents an attractive and underutilized resource.  Federal, regional, and 

state developments favor the implementation of the type of resource studied in the Project. 

Although state energy policy favors, and provides some incentives for the Project, additional 

legislation, financial incentives, and public policy should be directed to encourage the 

development of this unique state resource. 



Chapter 7 

 

Outreach and Education for Investors, Policy Makers, Utilities and the Public 

by 

R. Vance Morey, Professor, Bioproducts and Biosystems Engineering 

and 

Douglas G. Tiffany, Extension Assistant Professor, Applied Economics 

University of Minnesota 

 

Abstract 

 

Outreach activities included a website, www.biomassCHPethanol.umn.edu , presentations, 

publications and papers, and a workshop entitled ―Using Corn Stover for Energy at Ethanol 

Plants‖. Over 50 presentations were made based on work from the project. Approximately 10 

papers were prepared and three papers have been published. Several more papers are in review. 

 

1. Introduction 

 

The primary method of distributing information about the project was to develop and maintain a 

website: 

 

www.biomassCHPethanol.umn.edu 

 

We also made numerous presentations throughout the project and prepared several meeting 

papers and publications. Those presentations and papers are listed at the end of this chapter. 

 

A major outreach activity was a workshop held on July 11, 2011, which was attended by about 

40 people. The workshop program and list of speakers are described below. The workshop 

covered a range of topics important for the adoption of biomass (corn stover) at ethanol plants. 

 

http://www.biomasschpethanol.umn.edu/
http://www.biomasschpethanol.umn.edu/
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2. Workshop 

 

Using Corn Stover for Energy at Ethanol Plants 

Monday, July 11, 2011 

University of Minnesota, St. Paul Campus 

Continuing Education and Conference Center 

1890 Buford Ave. 

St. Paul, MN 55108 
 

8:30 a.m. Registration 

9:00 Welcome, Doug Tiffany, University of Minnesota 

9:10 Corn Stover Logistics and Densification, Vance Morey, University of Minnesota 

9:40 Corn Stover Removal Rates, Jeff Coulter, University of Minnesota 

10:05 Using Biomass at Ethanol Plants for CHP, Vance Morey, University of Minnesota 

10:35 Break 

10:50 Cob Harvest and Gasification Plans at Chippewa Valley Ethanol, Andrew Zum, 

Chippewa Valley Ethanol 

11:20 Harvest Logistics and Using Biomass at Ethanol Plants, Morning Panel 

11:50 Lunch 

12:40 p.m. Electricity Markets and Steam Contracts, Bill Glahn, LLS Resources 

1:10 Investor Perspectives - Investor Objectives and Fears, Dan O'Neil, Northland 

Securities 

1:35 Economics of Biomass Use at Ethanol Plants, Doug Tiffany and Carrie Johnson, 

University of Minnesota 

2:15 Break 

2:30 Legal Issues: Contracting Biomass, Selling Steam and Electricity, Mark Hanson, 

Stoel Rives Law Firm 

3:00 Organizational, Economic and Legal Issues of CHP and Biomass, Afternoon Panel 

3:30 Adjourn 

 

2.1 Conference presenters 

Douglas Tiffany is an Assistant Extension Professor at the University of Minnesota focusing on 

renewable energy economics. Doug has analyzed many technologies that can produce biofuels 

and bioenergy including integrated systems at ethanol plants using biomass. Doug holds B.S. and 

M.S. degrees in Agricultural Economics from the University of Minnesota. 

Vance Morey is a Professor in the Department of Bioproducts and Biosystems Engineering. He 

is well known for research work in grain drying, biomass utilization, densification, and combined 

heat and power at ethanol plants. Vance holds a B.S. in Agricultural Engineering from Michigan 

State University and a PhD from Purdue University. 
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Jeff Coulter is an Assistant Professor in the Department of Agronomy and Plant Genetics at the 

University of Minnesota. Jeff specializes in research and Extension programming related to corn 

production and is based in St. Paul. He holds a PhD from the University of Illinois. 

Andrew Zurn is the plant engineer at Chippewa Valley Ethanol in Benson, MN. Andy has over 

20 years of design engineering and project management experience in a variety of industries 

including electric power generation, geotechnical, iron ore processing, agriculture equipment and 

ethanol production. Mr. Zurn earned a B.S. in Mechanical Engineering from the University of 

Minnesota. 

Bill Glahn is an energy consultant and finance professional with more than 20 years of 

experience. He served as Gov. Tim Pawlenty's top energy official—for 2½ years until January 

2011—as Director of the Minnesota Office of Energy Security and a Deputy Commissioner in 

the state's Department of Commerce. He has worked with LLS Resources, LLC since February 

2011. He holds a B.A. in Economics and an MBA from the University of Virginia. 

Dan O’Neill is the Senior Vice President of Public Finance at Northland Securities in 

Minneapolis. In this capacity he organizes offerings of debt on a variety of energy production 

projects. He assists clients in the areas of infrastructure and environmental project finance with 

extensive work in the area of alternative energy and renewable fuels. Dan has also worked on 

several professional sports venues, and recently served as banker to the Minnesota Twins. 

Carrie Johnson, CFA is a graduate student in Applied Economics at the University of 

Minnesota focusing on investment strategies for renewable energy. Previously Carrie worked in 

the investment management industry in portfolio management and trading. Carrie holds a B.S. in 

Finance from the University of Oregon. 

Mark Hanson is a Partner in the Stoel Rives law firm and is based in the Minneapolis office. He 

has assisted in the organization of numerous ethanol plants and wind energy projects in 

Minnesota and neighboring states. Mark received his law degree from William Mitchell College 

of Law. 

 

2.2 Followup to July 11 workshop 

 

Based on ideas generated at the July 11 Workshop a followup meeting, organized by Rod 

Larkins of the Institute for Renewable Energy and the Environment (IREE), was held on August 

31, 2011. Representatives from the Minnesota Department of Agriculture, Minnesota Pollution 

Control Agency, Agricultural Utilization Research Institute, University of Minnesota, Clean 

Energy Resource Team, Minnesota Municipal Utilities Association, an energy supplier, an 

attorney specializing in clean energy, and several representatives from IREE attended. 

 

We provided an overview of project and results. We received some very useful feedback and 

suggestions for our economic analysis, particularly the power island concept. These suggestions 

have been incorporated in our Chapter 5 results. 
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3. Presentations 

 

3.1 Presentations by Vance Morey related to BIGCC technologies, biomass logistics, and 

densification 

 

October 7, 2009 

Presentation entitled ―Generating Electricity from Biomass – Making Ethanol from Corn More 

Renewable,‖ Lecture to Elder Scholars, University of Minnesota, St. Paul, MN. 

 

December 2, 2009 

Presentation entitled ―Biomass Densification‖ at Growing the Bioeconomy: Solutions for 

Sustainability, University of Minnesota, St. Paul, MN. 

 

February 2, 2010 

Presentation entitled ―Coproducts and other Biomass for CHP at Fuel Ethanol Plants‖ at the 

EUEC 2010 Energy and Environment Conference, Phoenix, AZ. 

 

March 11, 2010 

Presentation entitled ―Biomass Densification‖ at the Biomass Conversion to Heat and Electricity 

Workshop, Normal, Illinois. 

 

May 6, 2010 

Presentation entitled ―A Corn Stover Supply Logistics Systems‖ at the International Biomass 

Conference and Expo, Minneapolis, MN. 

 

3.2 Seminars and conference presentations by Doug Tiffany at which he discussed BIGCC 

technology 

 

January 29, 2009  

Presentation which included material related to our project to Minnesota Soybean Research and 

Promotion Council (30 attendees). 

 

March 25, 2009  

Presentation which included material related to our project to Extension Educator Audience on 

Campus (30 attendees). 

 

March 26, 2009  

Presentation which included material related to our project to Agricultural Lenders and 

Southwest Farm Management Group (45 attendees). 

 

April 14, 2009  

Presentation which included material related to our project at Extension Meeting at Southwest 

Research and Outreach Center at Lamberton (30 attendees). 

 

April 23, 2009  

Meeting and presentation related to our project to Investor Group (4 attendees). 
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April 24, 2009  

Presentation which included material related to our project at Essay Award Winners Lecture at 

Federal Reserve Bank (60 attendees). 

 

May 26, 2009 

Presentation entitled ―Ethanol Economics Update:  More Excitement Ahead,‖ Minnesota 

Extension Ag Lenders Conference, Montevideo, Minnesota. 

 

June 1, 2009 

Presentation entitled ―Comparing Financial Performance of Current and Future Ethanol 

Production Technologies,‖ International Starch Technology Conference. Champaign, Illinois. 

 

June 11, 2009 

Presentation entitled ―Ethanol Update: Getting Paid to Reduce our Footprint,‖ Minnesota 

Extension Ag Lenders Conference. Stewartville, Minnesota. 

 

June 17, 2009 

Presentation entitled ―Biomass for Combined Heat and Power at Ethanol Plants,‖ Fuel Ethanol 

Workshop Denver, Colorado. 

 

June 23, 2009 

Presentation entitled ―Economics of Expanding Biofuel Production in the Upper Midwest,‖ 

National Academies of Science Conference, Second Generation Biofuels. Madison, Wisconsin. 

 

August 25, 2009 

Presentation entitled ―Ethanol Production: Technologies and Rates of Return,‖ Minnesota 

Extension Ag Lenders Conference. Lamberton, Minnesota. 

 

August 26, 2009  

Presentation entitled ―Biomass for Combined Heat and Power at Ethanol Plants,‖ NCGA Land 

Use Conference. Saint Louis, Missouri. 

 

September 22, 2009 

Presentation entitled ―Financial Performance of Current and Future Ethanol Production 

Technologies,‖  Lecture to Graduate Students at Universita Degli Studi Di Padova, Padova, Italy. 

 

September 23, 2009 

Presentation entitled ―Biomass for Combined Heat and Power at Ethanol Plants,‖ Lecture at 

Malavecchia Experiment Station, Venato, Italy. 

 

September 30, 2009 

Presentation entitled ―Economic Viability of Biofuels:  the Interplay of Policies and Advancing 

Technologies,‖ Keynote Address at International Congress of Biocombustibles, Guayquil, 

Ecuador. 
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October 14, 2009 

Presentation entitled ―Production Costs, Prices, and Profitability of Biofuels,‖ Lecture to Elder 

Scholars, University of Minnesota, St. Paul, MN. 

 

October 28, 2009 

Presentation entitled ―Advanced Technologies and Biofuels Production,‖ Lecture to Elder 

Scholars, University of Minnesota, St. Paul, MN. 

 

March 1, 2010 

Presentation given on densification, BIGCC, and torrefaction to Veridity, LLC and Redwood 

Area Development Commission at Redwood Falls, MN. 

 

March 23, 2010 

Presentation on densification, BIGCC, and torrefaction to Southwest Minnesota Energy Board 

Meeting consisting of area county commissioners and staff at Slayton, MN. 

 

March 23, 2010 

Presentation and discussion with Mr. Brian Kletscher, General Manager of Highwater Ethanol, 

LLC regarding BIGCC, torrefaction, and densification, use of biomass at Lamberton, MN. 

 

April 20, 2010 

Meeting with Alex Marvin, research associate for Dr. Lanny Schmidt, regarding corn stover 

logistics, densification, and torrefaction at my office. 

 

April 21, 2010 

Conference call with Veridity Board and Jack Oswald of Syngest.  (I discussed corn Stover 

logistics and costs of delivered corn stover.). 

 

April 22, 2010 

Delivered a class lecture for Dr. Roger Ruan’s class on renewable energy at the University of 

Minnesota, discussing the use of biomass to reduce GHG emissions in the course of ethanol 

production, including the topics of corn stover logistics, BIGCC, and delivered corn stover costs. 

 

June 2, 2010 

Presentation entitled ―Using Biomass to Make Electricity‖ at an event sponsored by University 

of Minnesota in Maplewood, MN (30 in audience). 

 

June 3, 2010 

Presentation entitled ―Biomass Densification, Logistics and Use to Produce Heat and Electricity‖ 

at an event sponsored by University of Minnesota in Alexandria, MN (40 in audience). 

 

June 16, 2010 

Presentation entitled ―Economics of Using Biomass to Produce Heat and Electricity at Ethanol 

Plants‖ at Fuel Ethanol Workshop in St. Louis, MO (45 in audience). 
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August 3-4, 2010 

Presented posters on ―BIGCC and Densification Technologies‖ at Farmfest in Redwood Falls, 

MN (200 in audience). 

 

September 29, 2010 

Presented BIGCC results using corn stover and syrup to class of Bill Easter of Applied Econ. (30 

in class). 

 

October 12, 2010 

Presented BIGCC results at class for Dr. Lanny Schmidt of Chemical Engineering (35 in class). 

 

November 1, 2010 

Meeting at Highwater Ethanol Plant at Lamberton, MN, to discuss torrefaction of biomass.  

Doug Tiffany discussed how volatile gases of torrefaction could be converted to steam and sold 

to adjacent ethanol plant. 

 

November 4, 2010 

Presented lecture on biomass use at ethanol plants to produce combined heat and power and also 

discussed economics of torrefaction for Dr. Ford Runge’s class. (25 in class) 

 

November 16, 2010 

Presentation entitled ―Economics of Torrefied Biomass:  Costs of Production and Prices that 

Could Be Paid by Power Utilities,‖ at Midwest Regional Biomass Conference in Dubuque, IA.  

(30 in audience, presentation posted on web) 

 

November 30, 2010 

Corn Stover Logistics Poster was displayed at E3 Conference, River Centre, St. Paul, MN. This 

poster documented costs, energy usage, and GHG emissions associated with use of corn stover as 

a fuel at ethanol plants. The poster used a graph to show how the use of corn stover results in 

approximately 1/9 of the emissions of GHG per Megajoule versus natural gas.  This conference 

attracted approximately 600 people. 

 

December 3, 2010 

Gave an invited presentation to the Sibley-Nicollet Corn Growers at Lafayette, MN, that 

discussed harvest of corn stover and its utilization to produce process heat and electricity at 

ethanol plants as well as the process of torrefaction to produce biocoal.  (25 were in the 

audience) 

 

December 6, 2010 

Gave an invited lecture to retired College of Food Agriculture and Natural Resource Sciences 

(CFANS). Among the topics discussed was the use of biomass to produce combined heat and 

power at fuel ethanol plants, using the research developed on this project. 

 

December 7, 2010 

Gave an invited lecture at a conference sponsored by the Natural Resources Research Institute in 

Duluth to an audience including power utilities and forest products managers and staff.  In 
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addition employees of NRRI conducting research on torrefaction and the company Torrsys made 

presentations.  (35 were in attendance) 

 

December 14, 2010 

Gave an interview on the topic of torrefaction to staff from Bryan and Bryan International to help 

them promote the Pacific West Biomass Conference at Seattle, Washington. 

 

December 17, 2010 

Doug Tiffany, Nalladurai Kaliyan, Vance Morey, and David Schmidt made presentations and 

discussed the BIGCC project and previous conclusions about use of biomass to product process 

heat at ethanol plants with Dr. Ian Purtle of Cargill.  Dr. Purtle offered perspectives on our 

conclusions and offered some ideas about approaches that Cargill had considered in a variety of 

locations.  Dr. Ian Purtle expressed interest in applying additional financial analysis to the cases 

that had previously been analyzed. 

 

January 8, 2011 

Presented a lecture to the University of Minnesota Alumni Chapter of Puget Sound, Washington, 

including information on the use of biomass to produce combined heat and power at fuel ethanol 

plants. (20 in audience) 

 

January 12, 2011 

Presented a lecture entitled, ―Torrefied Biomass:  Production Costs and Value to Power Utilities‖ 

at the Pacific West Biomass Conference, sponsored by BBI in Seattle. (60 in audience) 

 

January 17, 2011 

Presented a poster entitled, ―A Biomass Logistics System,‖ containing information developed in 

an earlier phase of this project at Ag. Expo, which is an event co-sponsored by the Minnesota 

corn and soybean grower organizations.  This event attracted approximately 400 farmers, 

venders, and educators and was held at Jackpot Junction, near Redwood Falls, MN. 

 

February 11, 2011 

Described this project in a speech on ethanol production and new technologies delivered to the 

Minnesota Veterinarian Association. (16 in group) 

 

March 23, 2011 

The project of BIGCC and power islands was described at a meeting for Agronomy Extension 

educators. (20 in group) 

 

April 7, 2011 

The project of BIGCC and power islands was described at a class taught by Doug Tiffany for 

Roger Ruan’s renewable energy course at the University of Minnesota. (35 in class) 

 

June 6-7, 2011 

Presented a poster describing the project at the International Starch Technology Conference held 

at the University of Illinois, Champaign, IL. (50 attendees) 
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July 5, 2011 

Described this project and opportunities to produce combined heat and power at ethanol plants 

by using corn stover and/or syrup for a University of Minnesota class taught by David Schmidt. 

(400 students in class) 

 

July 11, 2011 

This project was described in detail at a day-long conference held at the University of Minnesota, 

Continuing Education Building for 35 people.  The class is described at the following website: 

http://www.cce.umn.edu/Using-Corn-Stover-for-Energy-at-Ethanol-Plants/index.html  

 

August 11, 2011 

Another public meeting was arranged to focus on power islands including members of the 

Minnesota Municipal Utilities Association at the University of Minnesota, St. Paul. (20 people in 

attendance) 

 

October 13, 2011 

Delivered a guest lecture on ethanol plant economics and new technologies for Dr. Bill Easter’s 

graduate class in resource economics. (25 students) 

 

4. Conference papers 

 

Kaliyan, N., R.V. Morey, M.D. White, and D.G. Tiffany. 2009. A tub-grinding/roll-press 

compaction system to increase biomass bulk density: preliminary study. ASABE Paper No. 

096658. St. Joseph, Mich.: ASABE. 

 

Tiffany, Douglas G., and Steven J. Taff.  2009. Will New Technologies Preserve Minnesota’s 

Ethanol Industry?  Rural Minnesota Journal. Volume 4 , pp. 1-12. www. ruralmn.org. 

 

Tiffany, D.G. 2009. Economic and Environmental Impacts of U.S. Corn Ethanol Production and 

Use, Federal Reserve Bank of St. Louis Regional Economic Development, 2009, 5(1), pp. 42-58. 

 

Kaliyan, N., R.V. Morey, and D.G. Tiffany. 2010. Reducing life-cycle greenhouse gas 

emissions of corn ethanol. ASABE Paper No. 1008902. St. Joseph, Mich.: ASABE. 

 

Kaliyan, N., D.R. Schmidt, and R.V. Morey. 2010. Commercial scale grinding of corn 

stover and perennial grasses. ASABE Paper No. 1009062. St. Joseph, Mich.: ASABE. 

 

Morey, R.V., H. Zheng, M. Pham, and N. Kaliyan. 2010. Superheated steam drying technology 

in an ethanol production process. ASABE Paper No. 1009069. St. Joseph, Mich.: ASABE. 

 

Zheng, H., R.V. Morey, and N. Kaliyan. 2010. Biomass integrated gasification combined cycle 

systems at corn ethanol plants. ASABE Paper No. 1009171. St. Joseph, Mich.: ASABE. 

 

 

 

 

http://www.cce.umn.edu/Using-Corn-Stover-for-Energy-at-Ethanol-Plants/index.html
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5. Journal publications 

 

Tiffany, D., and S.J. Taff. 2009. Current and future ethanol production technologies: costs of 

production and Rates of Return on invested capital. Int. J. Biotechnology 11(1/2): 75-91. 

 

Morey, R. V., N. Kaliyan, D. G. Tiffany, and D. R. Schmidt. 2010. A corn stover supply logistics 

system. Applied Engineering in Agriculture 26(3): 455-461. 

 

Kaliyan, N., R. V. Morey, and D. G. Tiffany. 2011. Reducing life cycle greenhouse gas 

emissions of corn ethanol by integrating biomass to produce heat and power at ethanol plants. 

Biomass and Bioenergy 35(3): 1103-1113. 

 

6. Magazine articles 

 

Magazine articles entitled ―Stover for Power – Not Just Biofuels‖ describing the July 11 

Workshop (Using Corn Stover for Energy at Ethanol Plants) written by Kris Bevill appeared in 

the Ethanol Producer Magazine on September 12, 2011, and Biomass Power & Thermal on 

November 22, 2011.  These articles can be accessed at the following websites: 

 

http://www.ethanolproducer.com/articles/8134/stover-for-powerundefinednot-just-biofuels 

 

http://biomassmagazine.com/articles/6002/stover-for-powerundefinednot-just-biofuels  
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