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HIGHLIGHTS                                                         

 
 The year 2014 will see a significant increase in 

the U.S. production of cellulosic ethanol to a total of 

104 Mgal/yr (394 x103 m3/yr) when three new plants 

are brought under full operation. 

 The accomplished increase in U.S. cellulosic 

ethanol production although significant, will remain 

far below the mandated 2014 Renewable Fuel 

Standard of 1.75 Bgal/yr (6.6 x106 m3/yr). 

 Potential pathways for producing biofuels from 

algae were evaluated and compared for their 

feedstock and footprint demands, as well as 

productivity potential.   

 The U.S. commercial production of renewable 

fuels is increasingly behind levels mandated by the 

Renewable Fuel Standard.  Algae based fuels could 

be developed to help fill this growing gap. 
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The production of renewable energy is undergoing rapid development. Ethanol primarily derived from corn and biodiesel 

made from recycled cooking oil and agricultural grains are established sources of renewable transportation fuel. Cellulosic 

ethanol production is increasing substantially, but at a rate below expectations. If future renewable fuel projections are to be 

accomplished, additional sources will be needed. Ideally, these sources should be independent of competing feedstock use 

such as food grains, and require a minimal footprint. Although the uses of algae seem promising, a number of demonstrations 

have not been economically successful in today‟s market. This paper identifies efforts being conducted on ethanol and 

biodiesel production and how algae might contribute to the production of biofuel in the United States. Additionally, the 

feedstock and land requirements of existing biofuel pathways are compared and discussed. 
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1. Introduction 

 

The 2007 Energy Independence and Security Act (EISA) (H.R. 6) and the 
2005 federal renewable fuel standard (RFS) stipulates that, by 2022, the 

United States must produce 15 billion gallons per year (Bgal/yr) or 56.8 

million cubic meters (x106 m3/yr) of corn-based ethanol (CBE), 16 Bgal/yr 
(60.6 Mm3/yr) of cellulosic biofuels, 1 Bgal/yr (3.8 x106 m3/yr) of biodiesel, 

and 4 Bgal/yr (15.1 x106 m3/yr) of advanced biofuels (other than corn-based 

ethanol) (Environmental News Service, 2011; Public Law 110–140, 2007; 
RFS Renewable Fuels Association, 2012). Achieving a total production goal 

of 36 Bgal/yr (136 x106 m3/yr) of renewable fuel by 2022 is a substantial 

challenge, largely due to the established RFS requirement for cellulosic 
ethanol (see Table 1).  However, U.S. biofuel production is substantial and 

growing. 
 

Table
 
1.

 

Renewable Fuel Projections (Public Law 110–140, 2007; Thompson et al., 2010; Environmental 

News Service, 2011; RFS Renewable Fuels Association, 2012).
 

 

Year
 

Corn-

based 

Ethanol 

(CBE)
 

Bgal (x10
6 

m
3
/yr)

 

 
Cellulosic   

 

 
Ethanol

 

 
Bgal (x10

6   

 

 

m
3
/yr)

 

Biodiesel 
a
 

Bgal (x10
6 

m
3
/yr)

 

Advanced 

Biofuel
 

Bgal 

(x10
6
m

3
/yr)

 

Total RFS
 

Bgal 

(x10
6
m

3
/yr)

 

Total biofuel
 

(minus CBE)
 

Bgal (x10
6
m

3
/yr)

 

2013
 

13.8 (52.2)
  

1.0 (3.8)
 

1.0 (3.8)
 

0.75 (2.8)
 

16.6 (62.6)
 

2.8 (10.4)
 

2014
 

14.4 (54.5)
  

1.8 (6.6)
 

1.0 (3.8)
 

1.0 (3.8)
 

18.2 (68.7)
 

3.8 (14.2)
 

2015
 

15.0 (56.8)
  

3.0
 
(11.4)

 
1.0 (3.8)

 
1.5 (5.7)

 
20.5 (77.6)

 
5.5 (20.8)

 

2016
 

15.0 (56.8)
  

4.2 (15.9)
 

1.0 (3.8)
 

2.0 (7.6)
 

22.3 (84.2)
 

7.3 (27.4)
 

2017
 

15.0 (56.8)
  

5.5 (20.8)
 

1.0 (3.8)
 

2.5 (9.5)
 

24.0 (90.8)
 

9.0 (34.1)
 

2018
 

15.0 (56.8)
  

7.0 (26.5)
 

1.0 (3.8)
 

3.0 (11.4)
 

26.0 (98.4)
 

11.0 (41.6)
 

2019
 

15.0 (56.8)
  

8.5 (32.2)
 

1.0 (3.8)
 

3.5 (13.2)
 

28.0 (106.0)
 

13.0 (49.2)
 

2020
 

15.0 (56.8)
  

10.5 (39.7)
 

1.0 (3.8)
 

3.5 (13.2)
 

30.0 (113.6)
 

15.0 (56.8)
 

2021
 

15.0 (56.8)
  

13.5 (51.1)
 

1.0 (3.8)
 

3.5 (13.2)
 

33.0 (124.9)
 

18.0 (66.1)
 

2022
 

15.0
 
(56.8)

  
16.0 (60.6)

 
1.0 (3.8)

 
4.0 (15.1)

 
36.0 (136.3)

 
21.0 (79.5)

 

a
 
EISA is not specific on biodiesel after 2012.

 

The RFS projected production of multiple renewable fuels listed in Table 1 
establishes guidance in consideration of environmental consequences while 

advocating fuel production practices with lower associated green-house gas 

(GHG) emission. 
 

2. Meeting the RFS challenge for cellulosic ethanol -

 

current to future 

production

 

 

As of 2014, the production of CBE (from more than 200 ethanol plants) 
was 15 Bgal/yr (56.8

 

x106 m3/yr) (equal to the 2022 RFS) (Parker, 2012a;

 

Ethanol Producers Digest, 2013). The majority of this ethanol (or 

approximately 13.3 Bgal [50.3 x106 m3/yr]) was used for the 10% additive to 
gasoline (Parker, 2012a).  Biodiesel production, largely from yellow grease 

(recycled vegetable oil), soy bean oil, and canola oil, was 1.0 Bgal/yr (3.8 

x106 m3/yr) (equal to the 2022 RFS), from more than 200 biodiesel plants 
(U.S. Biodiesel Digest, 2011; U.S. Energy Information Administration, 

2012a;

 

Biodiesel Industry Directory, 2013). Cellulosic ethanol plant 

production capacity is currently 20 million gallons per year (75.7x103

 

m3/yr), 

as listed in Table 2. Thus, production is already at or above the 2022 RFS 

levels for biodiesel and CBE biofuels (U.S. Energy Information 

Administration, 2012a;

 

Ethanol Producers Digest, 2013).  

 

As of early 2014, there were twelve commercial cellulosic ethanol plants 

in operation, and they have a combined capacity of producing a total of 20 

Mgal/yr (75.7x103

 

m3/yr), (listed in Table 2), more than triple the 2013 
capacity of 6.25 Mgal/yr (23.7x103

 

m3/yr) (Ethanol Producers Digest, 2013).  

As listed in Table 2, the Indian River Bioenergy Plant has the capability of 

producing 8 Mgal/yr (30.3x103

 

m3/yr) (as well as 5 megawatts of electric 
power), and the Fiberight Blairstown Plant can produce 6 Mgal/yr (22.7x103

 

m3/yr) however, the other ten facilities are demonstration pilot plants, with a 

production limit of less than 1.4 Mgal/yr (5.3x103

 

m3/yr) (Shaffer, 2012; 
Ethanol Producers Digest, 2013). These demonstration projects have proven 

that their technology is successful. The RFS challenge (listed in Table 1) to 

produce 1.75Bgal/yr (6.6 x106 m3/yr) of cellulosic ethanol in 2014 is unlikely, 

and the possibility of meeting future RFS demands seems increasingly distant.   

Five major cellulosic ethanol plants, listed in Table 2, are currently under 
construction that when in operation will produce in excess of 104 Mgal/yr 

(393.7x103 m3/yr).  The Poet and Royal plant in Emmetsburg, Iowa is referred 

to as „Project Liberty‟ and is located near other Poet CBE plants (Shaffer, 
2012).  The plant was constructed at a cost of $250 million, will produce 20 to 

28 Mgal/yr (75.7 to 106 x103 m3/yr) from corn-stover, and is expected to be 

operational in 2014 (Shaffer, 2012). Poet is an established ethanol 
manufacturer that owns and operates 27 CBE plants in the U.S. (Shaffer, 

2012). The successful operation of the Project Liberty plant and the 

established availability of corn stover could lead to further expansion and 
additional plants.  (Poet is also currently extracting 250,000 t/yr [227 x106 

kg/yr] or 68 Mgal/yr [257 x103 m3/yr], of corn oil from 25 equipped CBE 

plants [Biodiesel Magazine, 2013; Ethanol Producers Digest, 2013].) 
As mentioned, in addition to the Project Liberty plant that will be 

completed this year, there are four other major projects underway, i.e. 

Abengoa Bioenergy‟s cellulosic ethanol plant using corn stover in Kansas; 
Blue Fire Renewables, LLC.‟s plant, in Mississippi (that will use wood 

waste); Dupont Danisco‟s plant, in Iowa that will use corn stover; and 

Enerkem Alberta‟s plant, in Alberta Canada that will use municipal solid 
waste (Shaffer, 2012; Ethanol Producers Digest, 2013). Table 2 lists the 

commercial cellulosic ethanol plants and their stages of 

construction/operation. There are three stages: (1) “Existing Plants”, 
consisting of nine existing plants in intermittent operation with a combined 

capacity of 20 Mgal/yr (75.7x103 m3/yr); (2) “Under Construction” consisting 

of nine plants with a combined capacity of 104 Mgal/yr (394 x103 m3/yr); 
and; (3) “Proposed Plants” consisting of 16 proposed plants with a combined 

capacity of 368 Mgal/yr (1.4 x106 m3/yr) (Shaffer, 2012; Ethanol Producers 

Digest, 2013). It should be understood that the existing plants are 
demonstration plants, many of which may not maintain production on a 

continuous basis since their purpose may not be to produce ethanol 

economically. These small scale plants are used to study the details of the 
process, demonstrate the feasibility of the technology and conduct process 

optimization studies. An acceptable level of proof of the viability and 

sustainability of a major cellulosic ethanol plant (producing a minimum of 10 
Mgal/yr [37.9x103 m3]) entails the successful operation of a year or more, 

with an acceptable level of profit.  

Based on data compiled by the U.S. Energy Information Administration 
and reported in Bloomberg News, the cellulosic ethanol industries will 

increase production significantly in 2014 due to refinery startups (Shaffer, 

2012; U.S. Energy Information Administration, 2012a; Ethanol Producers 
Digest, 2013). The „Ethanol Producers Digest‟ has estimated that the 2013 

level of 20 Mgal/yr (75.7x103 m3/yr) will increase to a total of 104 Mgal/yr 

(394 x103 m3/yr) when plants that already are under construction are brought 
into operation (Shaffer, 2012; Ethanol Producers Digest, 2013). Even if these 

optimistic predictions for cellulosic ethanol production are achieved, 

production still will remain far below the 2014 RFS of 1.75 Bgal/yr (6.6 x106 

m3/yr) (Herndon, 2012). 

The total capacity of all three stages of cellulosic ethanol plants listed in 

Table 2 (Existing 20 MMgal/yr (75.7x103 m3/yr), Under Construction 104 
Mgal/yr (394 x103 m3/yr), and Proposed Plants 368 Mgal/yr [1.4 x106 m3/yr]) 

would yield an estimated maximum production rate total of 492 Mgal/yr (1.9 
x106 m3/yr) at some future date. As a theoretical exercise, the production rate 

of 492 Mgal/yr (1.9 x106 m3/yr) of cellulosic ethanol if attained by 2017, 

would greatly improve U.S. capacity, however, it would make up only 11% of 
the 5.5 Bgal/yr (20.8 x106 m3/yr), which is specified in the 2017 RFS listed in 

Table 1. Additionally, until an established cellulosic ethanol plant has been 

fully operational, production costs, operational and maintenance 
requirements, and environmental impacts will not be known (Herndon, 2012; 

Shaffer, 2012; Ethanol Producers Digest, 2013).  

The cellulosic ethanol production requirement of the RFS presents a great 
commercial challenge. This is largely due to the fact that the development of 

a new industry based on cutting-edge research is a complex matter, and the 

associated timelines are difficult to predict. Additionally, the cost of an 
average size cellulosic ethanol plant of 20 to 25 Mgal/yr (75.7 x103 to 

94.6x103 m3/yr), can range from $200 to $250 million, a daunting investment 

(Menetrez, 2012). Still, the RFS production standard represents an important 
national goal that encourages the development of additional sources of 

renewable   ethanol   and   bio diesel.  While   the   cellulosic  ethanol  industry  
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establishes itself, the RFS goal illustrated in Table 1, continues to climb with 

each year. The development of additional renewable fuel sources seems 

necessary to achieve the 2022 RFS goal of producing a total of 36 Bgal/yr 

(136 x106 m3/yr) of renewable fuel.  

 
3. Biofuel production pathways 

 
The following discussion of biofuel pathways illustrated in Figure 1, 

compares the parallel nature of biofuel production. The extraction of oils and 

sugars from a large variety of feedstocks can be utilized for final product 

development. The production of biofuel can be accomplished using different 
organisms and processes while producing a range of end products. Out of the 

many variables, process scenarios were chosen to serve as examples of 

possible pathways for the production of biofuel (Fig. 1). The pathways chosen 
represent ideal, but realistic alternatives. The generation of

 
ethanol was 

diagramed by autotrophic algae pathways, taking into consideration both 

direct generation and indirect generation through the conversion of 
carbohydrates (Andersen and Andersen, 2006; Shen et al., 2009). 

 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

  

 

The generation of biodiesel was diagramed by way of autotrophic and 

heterotrophic algae as well as agricultural grain oils and recycled vegetable 
oils (Chisti, 2007; Gouveia et al., 2009; Meng et al., 2009). 

The generation of biofuels is often referred to as first or second (also 

known as advanced) generation. First generation biofuels are derived from the 
sugars or vegetable oils from grown crops, such as corn, sugar cane or 

rapeseed oil, palm oil. These feedstocks can easily be converted into ethanol 

or biodiesel. However, second generation biofuels are made from cellulosic 
feedstock or woody crops, agricultural or municipal waste which are 

comparatively more involved to convert into sugars or oils. Once extracted, 

these sugars and oils can also be converted into ethanol and biodiesel, as 
depicted in Figure 1.  

Biofuels, such as biodiesel, ethanol, and various petroleum products, can 

be produced by a large variety of biologically-dependent processes 
(Menetrez, 2012). Both natural and genetically modified organisms (GMOs) 

(algae, bacteria, fungi, and yeast) have been used to generate biofuels directly 

or   indirectly   by   producing   biofuel   intermediate   products   such  as   oil,
 

 

 

Table 2.  

Renewable Fuel Projections (Public Law 110–140, 2007; Thompson et al., 2010; Environmental News Service, 2011; RFS Renewable Fuels Association, 2012).  

 
Plants Location Feedstock Capacity Mgal/yr (x10

6
m

3
/yr) 

Existing Plants    

American Process Inc/Alpena Biorefinery Alpena MI Wood Sugars 0.8 (3.0) 

BP Biofuels Demonstration Plant,   Jennings LA Energy Grasses 1.4 (5.3) 

DupontDanisco Cellulosic Ethanol LLC Vonore TN Corn Stover, Switchgrass 0.3 (1.0) 

Enerkem Inc. Westbury QC Treated Wood 1.0 (3.8) 

Fiberight Demonstration Plant Lawrenceville VA MSW 0.5 (1.9) 

Fiberight Blairstown LLC Blairstown IA MSW 6.0 (22.7) 

ICM Inc. Pilot Integrated Cellulosic Bio St. Joseph MO Corn fiber, switchgrass 0.3 (1.2) 

Indian River Bioenergy Center Vero Beach FL Veg., Agric Waste, MSW 8.0 (30.3) 

Iogen Inc. Ottawa ON Straw 0.5 (2.0) 

Mascoma Corporation Rome NY Woody Biomass 0.2 (0.8) 

Western Biomass Energy, LLC Upton WY Cellulosic 0.5 (1.9) 

ZeaChem Boardman Biorefinery LLC Boardman OR Poplar 0.3 (1.0) 

  Total 19.8 (74.8) 

Plants Under Construction    

Abengoa Bioenergy Biomass Hugoton KS Corn Stover, Switchgrass 25.0 (94.6) 

American Process Inc. Demonstration Plant Thomaston GA Sugarcane bagasse, wood 0.3 (1.1) 

Blue Fire Renewable LLC Fulton MS Wood Waste 19.0 (71.9) 

DupontDanisco Cellulosic Ethanol LLC Nevada IA Corn Stover 30.0 (113.6) 

Enerkem Alberta Biofuels LP Edmonton AB Sorted MSW 10.0 (37.9) 

Freedom Pines Biorefinery Soperton GA Woody Biomass 2.0 (7.6) 

Poet-DSM Advanced Biofuels LLC  Emmetsburg IA Corn Stover 20.0 (75.7) 

Quad County Cellulosic Ethanol Plant Galva IA Corn Fiber 2.0 (7.6) 

Woodland Biofuels Inc SarniaON Canada Wood Waste 0.5 (2.0) 

  Total 108.8 (411.9) 

Proposed Plants    

Advanced Biofuels Corp Moses Lake WA Cellulose 6 (22.7) 

Agresti LLC Pikeville KY MSW 20 (75.7) 

Atlantic Ethanol Inc. Providence RI Wood Waste 10 (37.9) 

Canergy LLC Brawley CA Energy cane 25 (94.6) 

Chemtex International Inc., Project Alpha Clinton NC Energy Grasses 20 (75.7) 

Enerkern Mississippi Biofuels LLC Pontotoc MS RDF, Wood residue 10 (37.9) 

Enerkern Green Field Varennes QC RDF, C&D debris 10 (37.9) 

Fulcrum BioEnergyInc.Sierra Biofuels McCarran NV RDF 10 (37.9) 

Mascoma Corporation Drayton Valley AB Hardwood 20 (75.7) 

Mascoma Corp/Frontier Renewable Res. Kinross MI Hardwood 20 (75.7) 

Mendota Bioenergy LLC Tranquility CA Energy beets 1 (3.8) 

Nipawin Biomass Ethanol Co-operative Nipawin SK Waste Wood, Straw 26 (98.4) 

Sunset Ethanol Inc Fernley NV Switchgrass, Sorgum 5 (18.9) 

The Green Fuel Association Bieber II Bieber CA Switchgrass 40 (151.4) 

The Green Fuel Association Corning II Corning CA Switchgrass 40 (151.4) 

The Green Fuel Association Dorris II Dorris CA Switchgrass 40 (151.4) 

Woodland Biofuels Inc. Newton Falls NY  Wood Waste 20 (75.7) 

World Ethanol Institute, LLC Lenox GA Paulownia 20 (75.7) 

ZeaChem Boardman Biorefinery LLC Boardman OR Poplar, Straw 25 (94.6) 

  
Total 368 (1393) 
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carbohydrates, and sugars or enzymes (Briggs, 2004;

 

Hu et al., 2006; Becker, 

2007; Li et al., 2007; Adams, et al., 2008; Evangelista et al., 2008; Graham et 
al., 2008; Hu et al., 2008; Lundquist et al., 2010; González-

 

Fernández et al., 

2011; Venkata Mohan et al., 2011; Menetrez, 2012).

 

The composition of many dry mass plant feedstocks (corn kernels, corn 
stover, switchgrass, poplar hybrid) commonly used for biofuel generation can 

vary (Table 3). Carbohydrates are either soluble sugars (made of glucose, 

sucrose, or fructose), or storage carbohydrates (composed of starch or 
fructans) (Sukenik et al., 1991; Burkholder, 1998; American Heritage, 2005; 

Dien et al., 2006; Dien and Bothast, 2009; Gao et al., 2010; U.S. Department 

of Agriculture, 2011; U.S. Department of Agriculture, 2012).

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Table 3. 

 

Constituents of plant feedstock biomass by % of dry matter (Dien et al., 2006; Dien and 

Bothast, 2009).

 

 

Constituent

 

Corn kernels

 

Corn stover

 

Switchgrass

 

Poplar hybrid

 

Either Ext. (nonpolar)

 

4.6

 

4.6

 

1.0

 

4.2

 

Protein

  

9.1

 

4.0

 

3.2

 

1.2

 

Starch

 

72.0

 

0.0

 

3.9

 

0.0

 

Cellulose

 

2.0

 

36.0

 

28.3

 

42.4

 

Hemicellulose

 

3.6

 

23.4

 

24.5

 

19.0

 

Klasonlignon

 

trace

 

18.6

 

15.4

 

25.7

 

Ash

  

1.5

 

12.5

 

5.4

 

1.8

 

 

 

 

 

 

 Fig.1. Biofuel Pathways (conventional bioethanol, cellulosic bioethanol, autotrophic and heterotrophic algae)

.
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4. Ethanol pathway 

 

As apposes to ethanol derived from a petrochemical process, biologically 
derived ethanol sometimes referred to as bioethanol (the word ethanol is used 

in this paper), is a renewable fuel. Ethanol is an alcohol obtained from the 

fermentation of sugars and starches or by chemical synthesis. All four of the 
feedstocks shown as column headings in Table 4 can be processed to yield 

simple sugars and ultimately ethanol. Ethanol is used as a solvent, 

disinfectant, and as an additive to or replacement for petroleum-based fuels 
(American Heritage, 2005). Ethanol made from any sources (such as ethylene, 

algae, or cellulose) is identical to ethanol from other sources, such as corn 

starch, sugar, or sugarcane. An advantage that ethanol has over petroleum 
sources is that it can be produced from diverse renewable raw materials that 

are abundant. As mentioned above, U.S. ethanol production is currently at 15 

Bgal/yr (56.8 x106 m3/yr) from corn, and the U.S. Department of Energy 
(DOE) and the U.S. Department of Agriculture (USDA) are supporting the 

development of ethanol production from cellulosic feedstocks (plant 

materials, such as wood and switchgrass) (Demain et al., 2005; Perlack et al., 
2005; U.S. Dept. Of Agric., 2000, 2005, 2006; U.S. Dept. Of Energy, 2004, 

2007a, 2007b; Donner et al., 2008; Farrell and Morris, 2008; National 

Research Council, 2008; Tannura et al., 2008).  
Ethanol production in the U.S. relies almost completely on sugar-platform 

feedstocks in the form of corn, and it consumes approximately one-third of 

the U.S. corn harvest, of which one-third is converted into distillers grains 
with solubles (DDGS) (Monceaux, 2011; Schroeder, 2003). The DDGS 

protein content (20 to 30%) has increased by a factor of three from the 

original corn grain and is a valuable byproduct ($208-327/ton [$0.29-0.36/kg] 
when dehydrated to 100% DW) used for animal feed (Schroeder, 2003; 

Monceaux, 2011; Broderick, 2013).   

As of June 2012 the price of one bushel of corn (kernels) was $6.04/bu, 
($171.40/m3) and the price of ethanol was $2.14/gal ($0.57/L) (Parker, 2012a, 

b). At the yield of 2.32 gal/bu (17.4 L/m3) (low) to 2.93 gal/bu (21.9 L/m3) 

(high) the conversion of one bushel (0.035m3) of corn will yield from $4.95 to 
$6.26 worth of ethanol at a cost per gallon (3.79 L) of $2.06 to $2.60 (Haefele 

and Ross, 2009; Parker, 2012b). The feedstock to product price straddles the 

break-even point, ranging from a loss of $0.08/gal ($0.02/L) to a profit of 
$0.46/gal ($0.12/L). The actual cost of production will vary for each plant, 

dependent on staff, operating and maintenance cost and financial 

commitments which are specific for the plant, but would be expected to raise 
cost and lower profit. Additionally, the renewable identification number 

(RIN) (see RIN section below) value to the manufacturer will vary and is also 

variable, but could add substantially to profits. Actual profitability would be 
affected by all factors which are beyond the capability of this paper. A 

number of examples of corn and ethanol prices are included in Table 4, to 

exemplify the variability and marginal profitability of the corn based ethanol 
industry. The trend of decreasing corn prices from Feb. to Aug. 2013 has 

created a favorable economic climate for ethanol producers despite the 

fluctuation in ethanol prices. 
 

Table 4. 
 

Corn feedstock to ethanol profit/loss ($/bu or $/m
3
) (Haefele and Ross, 2009).

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

The sale of DDGS, and corn oil (used for biodiesel) can account for 25% 

additional revenues (3 to 4 cents/gal (0.8 to 1 cents/L) ethanol assuming a 0.3 

lb/bu (4.8gm/m3) corn press yield) (Emberland, 2013).  Incentives such as tax 
subsidies, and the revenues from the RIN mechanism created by the 2007 

Energy Independence and Security Act can also improve profitability (RIN 

values are discussed in more detail below, which as of May 2013 had a value 
of $0.79, approximately three to four times the profit margin) (Parker, 2013c, 

d). The profitability of producing corn-based ethanol is subject to the dictates 

of market volatility. The prices of corn, ethanol, and petroleum based 
products change daily, as do the opening and closing of ethanol 

manufacturing plants (Gaub, 2013; Parker 2013a). These factors create a 

difficult and unstable position for ethanol manufacturers that are saddled with 
enormous investments, long-term commitments, and ever increasing 

competition for feedstocks.   

The trend from 2012 to 2014 as shown in Table 4, has seen corn prices 
decrease from $8.07 to $3.30 per bu ($0.23 to $0.09/L) and ethanol prices 

raise from $2.14 to $3.57 per gal ($0.57 to $0.94/L), and produced an increase 

in profits from near zero to between $2.45 to $2.15 per gallon ($0.65 to 
$0.57/L). During this same period, petroleum prices have decreased to 

approximately $91 per barrel and correspondingly, gasoline has decreased to 

less than the price of ethanol (Marketwatch, 2014).  Over the two year period 
decreasing gasoline prices have absorbed what was initially the blending of 

ethanol from a less-expensive constituent to a cost addition. However 

temporary, this exemplifies the nature of fluctuating market pressures.  
Climate change has brought about higher temperatures, droughts and 

floods, all of which contribute to lower yields of corn and higher prices. The 

marginal success of ethanol production from corn is likely to continue to vary 
with time, which emphasizes the need for using co-production techniques, 

such as using cellulosic corn stover and grass to produce ethanol. It also 

makes it clear why it is important to locate feed-lots that use DDGS near 
corn-based ethanol plants.   

In addition to using corn to produce ethanol, a large variety of other types 

of biomass can be used, including cellulosic biomass, which has already been 
mentioned, and feedstocks that can be used to produce ethanol. Feedstocks 

that are high in carbohydrates (starches and sugars) are barley, cassava, sugar 

cane, sugar beet, sorghum, bagasse, grain, potatoes, sweet potatoes, 
sunflowers, fruit, molasses, and wheat. These feedstocks can be processed 

(using naturally occurring amylase enzymes to hydrolyze carbohydrates) to 

yield simple sugars (similar to other sugar platform processes). Subsequently, 
Saccharomyces cerevisiae (Brewer‟s yeast) can be used to convert these 

sugars to ethanol (Monceaux, 2009). In addition, many types of algae produce 

carbohydrates that could contribute significantly to the production of ethanol 
(Chisti, 2007; Mabee et al., 2011).   

Carbohydrate containing feedstocks are milled and liquified into a mash or 

slurry, or they are pressed to yield a liquid (syrup) that has a high sugar 
content, and this syrup is cooked until it is gelatinous, after which it 

undergoes enzymatic hydrolyesis using the enzyme glucoamylase 

(Monceaux, 2009).  The yeast  S.   cerevisiae  is   added   to   this   sugar   rich 
 

 

 
 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

Date
 

Corn Price
 
$/bu ($/m

3
)  

 
Ethanol Price

 
$/gal  ($/L)

 Feedstock to Ethanol
  

High to Low Yield
 
$/bu  ($/m

3
)
 

Range of Profit/Loss
  

High to Low Yield  $/bu  ($/m
3
)
 

6/2012
 

6.04 (171.40)
 

2.14 (0.57)
 

2.06 to 2.60 (58.46 to 73.78)
 

0.08 to -0.46 (2.27 to -13.05) 
a 

8/2012
 

8.07 (229.00)   
 

2.63 (0.70)
 

2.75 to 3.48 (78.04 to 98.75)
 

-0.12 to -0.85 (-3.41 to -24.12)
b 

1/2013
 

6.86 (194.67)
 

2.21 (0.58)
 

2.34 to 2.96 (66.40 to 84.00)
 

-0.13 to -0.75 (-3.69 to -21.28)
c 

2/2013
 

6.90 (195.80)
 

2.36 (0.62)
 

2.35 to 2.97 (66.69 to 84.28)
 

0.01 to -0.61 (0.28 to -17.31)
d 

4/2013
 

6.59 (187.00)
 

2.42 (0.64)
 

2.25 to 2.84 (63.85 to 80.59)
 

0.17 to -0.42 (4.82 to -11.92)
e 

5/2013
 

6.37 (180.76)
 

2.52 (0.67)
 

2.17 to 2.75 (61.58 to 78.04)
 

0.35 to -0.23 (9.93 to -34.90)
 
f 

7/2013
 

4.89 (138.76)
 

2.23 (0.60)
 

1.67 to 2.11 (47.39 to 59.88)
 

0.56 to 0.12 (15.89 to 3.41)
g 

8/2013
 

4.69 (133.09)
 

2.18 (0.58)
 

1.60 to 2.02 (45.40 to 57.32)
 

0.58 to 0.16 (16.46 to 4.54)
h 

9/2014
 

3.30  (93.64)
 

3.57 (0.94)
 

1.12 to 1.42 (31.78 to 40.30)
 

2.45 to 2.15 (69.52 to 61.01) 
i 

a
  Parker,2012b

        b 
Parker,2012c 

 c 
Parker, 2013a

    d 
Parker, 2013b

 e 
Parker, 2013c              

 f 
Parker, 2013d        

 

g 
Parker, 2013e 

       h 
Parker, 2013f

 i 
AAA Fuel Gauge Report, 2014
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mixture, and the fermentation process produces ethanol and carbon dioxide 

(CO2). The fermented mash contains 10 to 20 vol% ethanol and is heated to 

82 to 84 ºC in a distillation process (Actual vaporization points of the 
constituents of the process are; methanol [wood alcohol], 64 ºC; ethanol 78 

ºC; water 100 ºC) (Monceaux, 2009). Distillation of the mash and the 

following distillations strip the ethanol into a condensate that contains 95 vol 
% ethanol. Further heating of the remaining solids evaporates water from the 

mixture and produces either stillage, DDGS, or a syrup-like solution, 

depending on the original feedstock (Monceaux, 2009). A comparison of 
alternative feedstocks by unit mass (such as ton per unit ton) that is required 

to produce the same unit of mass of ethanol (i.e., a ton equivalent is 

approximately 304 gal [1,150 L] of ethanol) is provided in Table 5, along 
with the amounts of input water and output byproducts. 

An ethanol production strategy should take into account feedstock 

availability, feedstock cost, processing cost, ethanol yield, process efficiency, 
and the sales prices of ethanol and byproducts of the process. Implicit to each 

stage is the cost of transportation, i.e., transporting corn to the plant and 

transporting ethanol and DDGS out of the plant. Transportation costs are 
significant, and they must be taken into account during the planning stage 

when making decisions concerning the location of the plant. One example of 

minimizing transportation costs is the location of animal feedlots near corn 
based ethanol plants to accommodate the large amounts of DDGS. The cost of 

producing feedstock and its availability are of great importance to the long-

term sustainability of the plant.  
Securing a stable, long-term supply of cellulosic feedstock or algae 

biomass feedstock is also of eminent importance and is uniquely difficult.  

The growth requirements for the production of feedstock can be effected by 
many factors, such as climate, seasonal variations and environmental 

limitations, which can limit or preclude growth in some areas or make it 

economically infeasible to transport the product. The importance of acquiring 
a dependable supply of feedstock is emphasized by the cost required to 

construct a plant, which was $250 million in the case of the Project Liberty 

plant (Shaffer, 2012). 
 

5. Cellulose to ethanol pathway 

Milling and pretreatment (milling, including steam explosion, pH 

adjustment and enzymatic hydrolysis saccharification) of cellulosic, 
hemicellulosic and lignocellulosic feedstocks, such as those in Table 4, can 

generate sugars. Feedstocks that have demonstrated the ability to produce 

various sugars from cellulose are corn stover, switchgrass, miscanthus, straw, 
hemp, cotton, and kena. In addition, ethanol can be produced from a variety 

of cellulosic waste materials, such as paper and cardboard municipal waste 

and agricultural and wood products (Dien and Bothast, 2011; Mabee et al., 
2011; Monceaux, 2009). These feedstocks can be processed using naturally 

occurring enzymes derived either from biological interaction directly with the 

substrate feedstock or from a biological process that has harvested the enzyme 
and made it available for the cellulosic process. This processing yields simple 

sugars, i.e., the six carbon sugars D-glucose, fructose, and sucrose, and five 

carbon sugar D-xylose (Monceaux, 2009; Dien and Bothast, 2011). Then the 
slurry that results from the processing contains the sugars that are required to 

undergo fermentation with S. cerevisiae in a manner that is similar to that of 
other biologically induced processes (Olsson and Hahn-Hägerdal, 1996; 

Palmqvist and Hahn-Hägerdal, 2000; De Maagd et al., 2001; Kuiper, 2001; 

Letourneau, 2003; High, 2004; Iogen Technology, 2005; U.S. EPA, 2008).   
Several processes commonly use both natural organisms and varieties of 

GMOs such as the fungus Trichoderma reesei for producing commercial 

cellulases (cellulose specific enzymes), which are used to convert cellulosic 
biomass to sugar (Palmqvist and Hahn-Hägerdal, 2000; U.S. EPA, 2008; Dien 

and Bothast, 2009). Other biologically dependent cellulosic processes use 

various types of fungi and bacteria (including GMO varieties) to produce 
cellulase, xylanase, and hemicellulase enzymes for the feedstocks listed in 

Table 4 to produce fermentable sugars, which may then be used to produce 

cellulosic ethanol (Palmqvist and Hahn-Hägerdal, 2000; U.S. Environmental 
Protection Agency, 2008; U.S. Department of Agriculture, 2013). After the 

process has yielded five and/or six carbon sugars, processing continues 

through yeast fermentation and distillation, similar to any other carbohydrate 
rich feedstock, to generate ethanol. 

 

Generating ethanol from cellulosic feedstocks involves processes that are 

similar to, but uniquely different from generating ethanol from other 

feedstocks. For example, converting corn to sugar is inherently different from 
converting corn stover to sugar, however, the conversion of sugar to ethanol 

is similar to that in other processes. A comparison of feedstocks and their 

resource and footprint requirements for ethanol production are discussed 
below and listed in Tables 5 and 6. 

 

 

Table 5. 
 

Ethanol production process –
 
mass of input feedstock required per unit mass of ethanol product 

produced and equivalent mass of byproduct output (i.e. ton of feedstock/ton of ethanol) 

(Monceaux, 2009).
 

Feedstock 

Alternatives
 

   Input
 

   Materials
 

   Feedstock   
 

   and H2O
 

 
Input

 

 
Water

 

 
input/unit   

 

 
ethanol

 

Output
 

DDGS
 

DDGS 
 

and stillage
 

Output
 

Stillage
 

output/unit ethanol
 

Corn kernels (maize)
 

3.08
 

0.98
 

0.99
 -

 

Suger cane juice
 

14.41
 

0.0
 

-
 

11.98 ( biomass)
 

Wheat
 

3.34
 

1.81
 

1.32
 

-
 

Barley
 

4.03
 

2.89
 

2.0
 

-
 

Rye
 

3.72
 

2.57
 

1.7
 

-
 

Grain sorghum
 

3.05
 

1.64
 

1.04
 

-
 

Cassava chips
 

2.77
 

5.94
 

-
 

6.07 ( land application)
 

Potatoes
 

10.80
 

8.71 (recycle)
 

1.25 (cake)
 

-
 

Sugar beet syrup
 

3.42
 

0.0
 

0.49 (syrup)
 

-
 

 

Cellulosic processes must deal with the mass and volume of the feedstock 

which are larger than most commonly used feedstocks such as corn. As listed 

in Table 6, one ton of ethanol (303.8 gal or 1,150 L) would require three tons 
of corn, or up to 10 tons (9,072 kg) of corn stover (U.S. Department of 

Energy, 2007b; Dien and Bothast, 2009; Monceaux, 2011).

 

Process 

estimations predict that a 20 Mgal/yr (75,708 m3) plant using energy grasses, 
such as switchgrass and miscanthus, will require approximately 300,000 to 

600,000 tons per year (272.2 x106

 

to 544.3 x106 kg) of feedstock delivered by 

100 trucks per day. The location of the plant will impact the mean truck-route 
for the incoming feedstock, but transportation costs remain largely unknown, 

and they include the cost of transporting the outgoing waste solids, which are 

likely to contain large quantities of lignin. Lignin is commonly used for 
heating, or converted to liquid fuel by thermochemical processing (Dien and 

Bothast, 2009; Pedroso et al., 2011).

 

Techniques for producing ethanol from cellulosic materials are currently 
being

 

applied to industrial scale plants. The techniques that use corn stover, 

such as the Project Liberty plant, depend indirectly on the continued success 
of the corn ethanol industry. Although

 

this industry is likely to continue, it 

should be recognized that this dependence brings with it inherent instabilities 

due to varying economic condition. There is little doubt that the success of the 
cellulosic ethanol industry is vital to the future of renewable energy 

(Menetrez, 2010). However, until industrial

 

plants, such as the Project Liberty 

plant, have established a history of proven success, the viability of this 
industry will remain in question. Therefore, it also is necessary to explore the 

potential of other forms of ethanol production.

 

 
 

6. Algae ethanol pathway

 

 
 

Development of the algae biofuel industry has the potential to generate a 

variety of fuels. Commercial facilities that produce algae exist worldwide, 

and they are used predominantly for manufacturing food, cosmetics, and 
health-related products, not biofuel. Commercial enterprises have invested 

heavily and established industrial-scale, micro-algae farms that have the 

potential to bring algae to a stage similar to that of cellulosic ethanol 
(Menetrez, 2012; Milledge, 2001). These commercial processes use a variety 

of technologies, produce many different products, and usually are located in 

the lower latitudes of the U.S., where temperature, climate, and solar 
irradiance are favorable for the growth of algae.  
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Algae can be used to produce ethanol and biodiesel in ponds that are open 

to the atmosphere [i.e. shallow ponds or tanks that can be circular or parallel 
raceway ponds (PRPs)] or in closed photobioreactors (PBRs). Most of the 

cultivation of algae is done in PRPs because of their low construction and 

operating costs (Briggs, 2004; Li et al., 2007; Venkata Mohan et al., 2007a,b 
Evangelista et al., 2008; Graham et al., 2008; González- Fernández et al., 

2011). PBRs are contained, closely controlled systems in which an ideal 

environment is maintained to ensure high and stable production levels of 
algae (Chisti, 2007; Hu et al., 2006; 2008). Algae require water, efficient 

exposure to light, carbon dioxide, optimal temperature, culture density, 

appropriate pH levels, and a reasonable mixing regime. The most significant 

advantage that closed PBRs have over open PRPs is the ability to eliminate 

the introduction of unwanted microorganisms. Controlling contamination is 

necessary to achieve a stable, optimum culture and maximum yield. PBRs are 
often utilized for growing pure inoculant populations of microalgae in the 

early stages of the process for supplying large open, raceway, paddle wheel 

mixed pond PRPs where high growth rate cultivation can occur (Rosenberg et 
al., 2008; Lundquist, 2010). 

Forms of cyanobacteria, commonly known as blue-green algae (including 

GMO varieties such as
 
those harbouring genes from

 
Zymomonas mobilis), can 

manufacture ethanol within the microalgae cell and (lacking true cell 

membranes) diffuse it into the culture media and headspace. Using a unique 

autotrophic PRP, CO2
 

and inorganic nutrients such as those found in 
wastewater, ethanol can be synthesized, concentrated and recovered directly 

from the PRP (Badger, 2002; Demain et al., 2005; U.S. DOE, 2008; Algenol, 

2011; Snow and Smith, 2012).
 
Algenol Biofuels in cooperation with Dow 

Chemical Company, the Linde Group, the National Renewable Energy 

Laboratory (NREL), Georgia Institute
 

of Technology, and Membrane 

Technology and Research, Inc., is in the process of developing an operational 

pilot-scale plant that uses this technology (Deng et al., 1999; Algenol, 2011).
  

Algae can produce substantial concentrations of lipids which can be used 

to produce biodiesel, jet-fuel and other petroleum products; as well as 
carbohydrates which can be processed into ethanol; and proteins (such as 

Spirulina maxima
 
which is composed of 60-71% protein content) with high

 

nutritional quality that commonly are used for human and animal 
consumption (Dien et al., 2006). Microalgal preparations are commonly 

marketed as health food, cosmetics, and animal feed (Dien et al., 2006; 

Becker, 2007; Adams et al., 2009; Dien et al., 2009). The potential value of 
algae‟s co-products is evident when comparing the protein content to that of 

other biofuel feedstocks such as corn kernels, which contains 9.1% protein
   

(used as distillers grains with solubles or DDGS), corn stover which contains 

4% protein, switchgrass which contains 3.2% protein, and a hybrid Poplar at 

1.2% protein (Dien et al., 2006; Dien et al., 2009).
 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 

7. Algae biodiesel pathway 
 
Biodiesel is a renewable fuel that is currently produced from various 

feedstocks, such as, soybean oil (90% of current production), recycled 
vegetable oil, sunflower oil, canola oil, cottonseed oil, animal fats, and lipids 

produced by algae (Chisti, 2007; Gouveia et al., 2009; Meng et al., 2009).  

Lipids are long carbon-chain molecules that serve as a structural component 
of the membrane of the algal cell. The lipid production of algal species varies 

from 20% to 80% DW. In addition, temperature, solar irradiance, the species-

specific speed of growth and process time, and the manipulation of nutrients 
supplied per stage of growth can all affect lipid yield (Becker, 2007; Adams, 

et al., 2008; Gouveia, et al., 2009;
 
Wageningen University, 2011). Becker 

(2007) listed the lipid, carbohydrate and protein constituents of 17 common 
algal species, and they are presented in Table 3. Algae that belong to several 

different families possess the ability to produce and accumulate a large 

fraction of their dry mass as lipids. As listed in Table 3, autotrophic lipid 
production from the algae Botryococcus braunii

 
can produce 86% DW of 

lipid
 
(oil) that can be separated and converted to

 
biodiesel (Chisti, 2007; 

Gouveia et al., 2009; Meng et al., 2009; Chisti, 2013). 
 

Biodiesel is defined as a mono-alkyl ester of a long-chain fatty acid that 

conforms to the American Society for Testing and Materials (ASTM) D6751 

specifications for use in diesel engines (ASTM D6751 –
 
12, 2013). After 

extraction and separation, algae oil is processed into biodiesel by either of two 

process methods. In the classical method, the oil is mixed with an alcohol 

(usually
 
methanol) and a basic catalyst (usually potasium hydroxide (KOH), 

or sodium ethanolate (CH3COONa) and heated to approximately 70 °C (at 20 

psi) for several hours in a process called transesterification. The products are 
biodiesel (67%) and glycerol (33%) (Chisti, 2007; Coppola et al., 2009; 

Gouveia et al., 2009; Meng et al., 2009).  
 

In the
 
second method, the oil and alcohol are mixed with the enzyme 

lipase, which can be produced from a number of organisms, such as the 

fungus Metarhizium anisopliae,
 

Aspergillus oryzae (and
 

A. niger)
 

or a
 

varieties of Gram-negative bacteria, i.e.
 
Chromobacterium viscosum,

 
causing 

transesterification at room temperature (Adachi et al, 2011; Fiametti et al., 

2011; Foley et al., 2011; Talukder, 2011). Energy consumption for producing 

biodiesel is reduced in the enzyme method, and the process is made more 
energy efficient and less sensitive to process problems (Lam and Lee, 2011).  

In addition, this process has other advantages such as; creating a high-grade 

glycerin byproduct with improved value, reduced water consumption (less 
water washing), and reduced methanol consumption. There are no caustic 

catalysts used, no soap formed and no ion exchange, or adsorbents are used 

(Piedmont Biofuels, 2013).
 

The enzyme cost of $0.15/gal ($0.04/L) of 
processed biodiesel is currently outweighed by the positive attributes of the 

process (Piedmont Biofuels, 2013; AAA Daily Fuel Gauge Report, 2014).  
 

Table 6.  

Ethanol production – mass of feedstock input required per equal ton mass of ethanol produced (303.8 gal [1150 L] @ $2.63/gal [$0.69/L] = $800.00), and acres/ton (m
2
/kg) C2H5OH. 

Feedstock Alternatives and Ethanol Yield                                                                                                            Intake feedstocks (mass/mass) Footprint required [acres/ton (m
2
/kg)] 

Corn kernels (154 bu/acre or 1.34 m
3
/km

2
 maize, 39.4 bu/ton or 1.5 L/kg)   3.08 

b 
 0.75 (3.35)

 g
 

Wheat (70 bu/acre, or 609 L/km
2
, 62 lb/bu or 0.8 kg/L) 3.34 

b 
 1.80 (8.03) 

h
 

Barley (72 bu/acre, or 626 L/km
2
, 48 lb/bu or 0.6 kg/L) 4.03 

b
 2.33 (10.39) 

i
 

Rye (12 bu/acre, or 104 L/km
2
, 56 lb/bu or 0.7 kg/L) 3.72 

b
 4.74 (21.14)

  j
 

Potatoes (401 bu/acre, or 3,488L/km
2
, 52 lb/bu or 0.7 kg/L) 10.80 

b
 1.04 (4.64) 

j
 

Sugar beet (SB) root (30 ton SB/acre, or 6.7 kg/m
2
) 12.323 

c
 0.379 (1.69) 

c 
 

Sugar cane (SC) stalk (36 ton/acre SC or 8.1kg/m
2
) 13.54 

c
 0.372 (1.66) 

c 
 

Grain sorghum (1.83 ton/acre or 0.4 kg/m
2
) 3.05 

b
 1.67 (7.45) 

j
 

Sweet sorghum stalk (39 ton/acre SSS or 8.7 kg/m
2
)* 21.30 

c
 0.548 (2.44) 

c 
 

Switchgrass (4.6 ton/acre, or 1.0 kg/m
2
 non-irrigated)   5-10 

d
 0.3-1 (1.34-4.46)

 d,k,l 

Corn Stover (80 gal/ton, 0.16 L/kg byproduct)   5-10 
d
 0** 

Microalgae (30% yield DW by PBR, 23.85 ton/acre, or 5.3 kg/m
2
carbohydrate, byproduct)

 a
 2.5 

e,f
 0*** 

Microalgae (7,000gal/acre or 6,546 L/km
2
 by PBR) in situ 0.044 (0.195) 

m
 

*
Based on two crops per year

 ** 
Byproduct of corn kernels *** 

Byproduct of microalgae oil production 

a 
Chisti, 2007  

b 
Monceaux, 2009   c 

Amorim, 2009  
 d 

Dien and Bothast, 2009       
e 
Kim et al., 2011       

f 
Lee et al., 2011 

g 
Haefele and Ross, 2009  

 h  Kansas Wheat Harvest Reports, 2012  i 
USDA, 2012        

j USDA, 2011      
k 
Pedroso et. al., 2011    

 l 
Mononoa et al., 2012      

m 
Algenol, 2013 
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As of 2012, biodiesel manufacturers in North Carolina were paying the 

sources of yellow grease, such as restaurants, as much as $1.50/gal ($0.40/L) 

(U.S. Energy Information Administration, 2012a; Piedmont Biofuels, 2013).  
Yellow grease is the preferred, economical choice, although limited in 

quantity, and corn oil, soybean oil and canola oil are additional feedstocks 

being used (U.S. Energy Information Administration. 2012a,b,c; Piedmont 
Biofuels, 2013). If algae derived oil is to be economically successful, it must 

be produced and supplied at a price approaching $1.50/gal ($0.40/L). With 

the inclusion of transportation costs (which can vary greatly) and overall 
processing costs a gallon of B100 biodiesel can be produced for 

approximately $3.00 to $3.10 ($0.79 to $0.82/L) (Piedmont Biofuels, 2013).  

Comparing this price to petroleum-based diesel (of approximately $4.00/gal 
or $1.06/L) indicates an approximate profit of $1.00/gal ($0.26/L).   

The profitable nature of using yellow grease for biodiesel has allowed 

small plants to survive, but their production of biodiesel is limited by the 
supply of recycled cooking oil. There also are major biodiesel plants in 

operation, such as the Louis Dreyfus Agricultural Industries plant in 

Claypool, IN, which produces 80 Mgal/yr (0.3 x106 m3) from soybean oil 
(Biodiesel Industry Directory, 2013). A biodiesel plant under construction by 

Archer Daniels Midland in Lloydminster, AB, Canada, will produce 265 

Mgal/yr (1.0 x106 m3) from canola oil (Biodiesel Industry Directory, 2013).  
When the Lloydminster plant becomes operational, it will yield more than 

double the output of any other plant. This scale of operation will ensure that 

overall profitability is sustainable even though the profit per gallon will be 
less due to the high cost of the feedstock oil. It is not clear whether the plant 

will satisfy the process-dependent RFA requirement for advanced biofuel of 

50% GHG emission reduction. The RFA qualification could affect RIN 
applicability and further marginalize profits.   

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
In addition, similar to corn-based products, questions remain regarding the 

use of feedstocks that could be used for human consumption, such as 

soybeans and canola. The area of land required (or footprint) to generate a 
given quantity of biofuel feedstock is provided in Tables 6 and 7. 

Questions remain regarding the balance of resource inputs and outputs 

which can only be answered after the commercial success of biofuel 
production facilities has been demonstrated. In order to achieve commercial 

success it will be necessary for algae farms to take advantage of every 
available resource to enhance growth potential, while simultaneously 

recycling the byproducts of the processes. This process interdependency is 

addressed separately for its symbiotic nature. 
 

8. Industrial process symbiosis 

 
Symbiotic processes currently can be found in the biofuel industry. The 

production of ethanol from corn also produces corn stover, which is being 

used to produce cellulosic ethanol. Ethanol manufacturers, such as Poet, also 
are generating corn oil and using the inedible fraction to produce biodiesel.  

In 2012, Poet extracted 250,000 tons of corn oil from 25 of its plants, which is 

equivalent to 68 Mgal (0.26 x106 m3) (Biodiesel Magazine, 2014). This 
example demonstrates how the harvest of corn can be used to generate 

bioethanol from carbohydrates (starches/sugars), cellulosic and bioethanol 

from corn stover, biodiesel from corn oil, as well as DDGS for animal feed. 
An example of a potential benefit from the ethanol manufacturing process 

is the recycling of CO2 from fermentation (see Figure 1). Every ton of ethanol 

(303.8 gal or 1.15 x103 L) produced, also produced 0.96 tons (871 kg) of CO2 

as a byproduct of fermentation, almost a one to one ratio by weight 

(Monceaux, 2009). Presently in the U.S., the CO2 produced from the annual 
production of 15 Bgal (50 Mton or 45.4 x106 kg) of corn based ethanol is 

vented to the atmosphere or 48 Mton (43.5 x109 kg) of CO2, a known green-

house gas (GHG). As depicted in Figure 1, CO2 should be viewed as a 
resource, not a waste product. Producing biofuel from growing algae with the 

use of CO2 is an example of a complete resource utilization, renewable fuel 

generation and GHG emission reduction. If algae cultivation is located to 
utilize industrial sources of CO2, heat, and nutrients could improve growth 

and decrease costs. Locating algae cultivation sites near industrial sources of 

wastewater, CO2, and waste heat could add value to the process itself. Algae 
oil may never be competitively priced at approximately $1.50/gal ($0.40/L) 

(Menetrez, 2012). However, if linked to a CO2 emission mitigation price to 

offset the algae cultivation cost a multi-product mindset as depicted in Figure 
1, can be achieved.  

CO2 injection from industrial sources such as coal-burning power plants 

has been demonstrated to increase the yield of algae while decreasing 
atmospheric emissions (Bhatnagar and Bhatnagar, 2001; Benemann et al., 

2003; Chisti, 2006; Woertz et al., 2009; Bhatnagar et al., 2010; Weissman and 

Benemann, 2011).   
Wastewater (agricultural or human), waste heat and CO2 (from biological 

fermentation or power plant flue-gas) should be viewed as resources for 

growing algae (Venkata Mohan et al., 2007b; Venkata Mohan et al., 2008).  
Contributing to the capture and conversion of CO2 into a marketable 

commodity may be the most important asset of algae cultivation, regardless of 

the economic value assigned that commodity. All products of lipids and 
carbohydrates for biofuels and protein for animal or human consumption  

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
should be utilized.  

 

9. Resource balance  
 

 Resources that are universally required to develop feedstocks into 

renewable fuels are nutrients, water, sunlight, land, mechanical processing 
(harvesting, washing, milling, etc.), heat (cooking, fermentation, distilation, 

etc.), and mechanical transport (feedstock to plant, process and product to 
market) energy. Tables 6 and 7 provide examples of sources of feedstocks 

that can be used to produce renewable fuel. It is however difficult to 

generalize resource inputs quantitatively due to process differences, recycle 
and byproduct utilization, such as corn stover for ethanol generation (which 

comes from the same harvest as grain-corn feedstock used to generate 

ethanol) or algae products/byproducts of oil for biodiesel and ethanol. The 
resources that were calculated are tons of feedstock and acres required per ton 

of ethanol (Table 6) or biodiesel (Table 7). 

The land required to grow any feedstocks can be a significant resource 
investment. A comparison of the land area required for a feedstock is a useful 

indicator of the energy productivity of that pathway. For example, Table 6 

lists the amount of land required to grow enough sugar cane (0.372 acres or 
1.5 km2) to produce a ton of ethanol (303.8 gal or 1.15 x103 L), which is half 

of that required for corn (0.75 acres or 3.0 km2) (Monceaux, 2009). However, 

the growth requirements and land attributes differ (such as land value and 
arability), as does the availability of feedstock. Irrespective of the inherent 

differences, land area, as a resource input, provides a valuable comparison of 

Table 7.  

Biodiesel production – mass of feedstock input required per equal mass of biodiesel produced (assuming 33% loss of oil to glycerol, a density of 7.6 lb/gal [0.9 kg/L] oil, 350 gal [1,300 L] of oil 

equivalent)  (Chisti, 2007; Jatropha for Biodiesel Figures, 2012; NC State University, 2012). 

 
Feedstock Alternatives and Biodiesel Yield                                                                                                                         Intake feedstocks (mass/mass) Footprint required [acres/ton (m

2
/kg)] 

Corn kernels (maize, 3.8 ton/acre, or 0.85 kg/m
2
, 18.4 gal/acre oil, or 17.2 L/km

2
) 

a
 72.3 19.00 (84.7) 

Soybeans (1.32 ton/acre, or 0.30 kg/m
2
, 66 gal/acre oil, or 61.72L/km

2
) 

c
 9.69 7.34 (32.7) 

Canola (1.71 ton/acre, or 0.38kg/m
2
, 150 gal/acre oil or 140 L/km

2
) 

c
 4.71 2.75 (12.3) 

Jatropha (2.8 ton/acre, 0.63kg/m
2
, 1.012 ton/acre oil, or 230 kg/m

2
) 

b
 4.9 1.73 (7.7) 

Microalgae (70% yield DW by PBR, 14,636 gal/acre, or 13,588L/km
2
)

a
 2.14 0.024 (0.1) 

Microalgae (30% yield DW by PBR, 6,276 gal/acre, or 5,869 L/km
2
) 

a
  5.0 0.056 (0.3) 

Microalgae (25% yield DW by PBR, 2,100 gal/acre or 1,964 L/km
2
) 

d
 14.9 0.166 (0.74) 

Microalgae (45% yield DW by PRP, 12-15 ton/acre oil, 2,724-3,405 kg/m
2
) 

e
 10.5 0.1 (0.4) 

Recycled vegetable.oil (recycled yellow grease) 1.5 0 

a
  Chisti, 2007 

b
  Jatropha For Biodiesel Figures, 2012 

c 
 NC State University, 2012      

d
  Lundquist et al., 2010      

e
  Chisti, 2013
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renewable fuels. Tables 6 and 7 were developed to approximate the land 

resource requirement that was sufficient to produce enough feedstock to 

produce one ton of fuel (ethanol in Table 6: biodiesel in Table 7). Each intake 
of feedstock material or area of land listed in Tables 6 and 7 can produce a 

ton of ethanol or biodiesel respectively (Kansas Wheat Report 2012; USA 

Biodiesel Prices.com, 2012; U.S. Energy Information Administration, 2012b).  
Commodity prices of corn, ethanol, biodiesel, petroleum, and petroleum-

based diesel are constantly changing based on global economic conditions 

and forces. 
As mentioned above, every ton of corn based ethanol (303.8 gal or 1.15 

x103 L) produced, also produced 0.96 tons (871 kg) of CO2 as a byproduct of 

fermentation (Monceaux, 2009). The U.S. production of 15 Bgal (50 Mton or 
45.4 x106 kg) of corn based ethanol produced an average 48 Mton (43.5 x106 

kg) of CO2. The biomass of microalgae contains approximately 50% carbon, 

which is obtained from the atmosphere or other sources of CO2. The injection 
of the additional carbon in the form of CO2 has demonstrated an increase in 

algae yield while sequestering the carbon (Benemann, 2003; Weissman and 

Benemann, 2003; Chisti, 2006; Menetrez, 2012). Theoretically, applying the 
yearly rate of CO2 production to growing algae could produce 26 Mtons (23.6 

x106 kg) of algae biomass (assuming 1.83 tons CO2 per ton algae biomass), 

which could be converted into biofuel, such as; 10 Mtons (9.1 x 106 kg) of 
algae crude oil, or 6.5 Mgal (24,603 m3) of biodiesel (assuming a 40% DW 

yield, and 95% separation recovery) (Christi, 2007). A substantial goal of 

sustainable biofuel generation (considering the present biodiesel production 
level is 1Bgal/yr or 3.8 x106 m3), and a substantial displacement of a GHG 

which is currently being vented to the atmosphere. There are multiple 

advantages to both the CO2 supplier (for resource recycling) and the 
algae/biofuel industry (for growth enhancement by CO2 sequestration). This 

algae pathway could be promoted through RIN additions for both sides to 

offset additional costs.   
In order to achieve a cost-efficient biofuel process, using waste products, 

such as wastewater or CO2 emissions, and using land that has marginal 

agricultural potential should be priorities. It is understood that the availability 
of land, CO2 and nutrient rich wastewater can be a difficult set of assets to 

find. However, it is important that every attempt at economic advantages be 

made, especially in the initial phase of industrial start-up.  In addition, the use 
of byproducts and recycled materials should be an immediate or planned 

priority. The footprint of byproducts such as corn stover or algae 

carbohydrate (after lipid extraction) was listed as zero due to it not being a 
primary or virgin product. In each of these examples the footprint was listed 

for the primary product corn kernels and algae oil for biodiesel production 

(see Table 7). Eventually, the economic feasibility will be decided by the site 
plan (combining wastewater, CO2, and land resources) the process plan, and 

operational success (including transporting resource inputs and outputs, and 

containing potential contaminants). 
Table 6 lists two sources of ethanol produced from microalgae. The first 

example utilizes PBR technology as a byproduct after the lipid fraction has 

been removed, while the second uses a PRP system. Although PRP algae 
cultivation is the economical choice for biodiesel production purposes, PBR 

cultivation is required for the direct production of algae to ethanol as 

currently employed by Algenol. PBR technology is often used in hybrid 
PBR/PRP systems for biodiesel production. PBR systems are also used in 

pilot scale CO2 capture systems. Often considered to be “niche systems” the 
importance of carbon capture could increase its future importance beyond 

biofuel production.  

A form of marine algae (Laminaria japonica) contains hydrolysate solids 
comprised of up to 31.0% mannitol and 7.0% glucose. GMO Escherichia coli 

(KO11) can be used to convert the mannitol and glucose to ethanol, producing 

about 0.4 g of ethanol per gram of carbohydrate (Kim et al., 2011). Another 
form of marine algae, Chlorella vulgaris was used by Lee et al. (2011) to 

produce ethanol with a pretreatment of GMO E. coli (strains W3110, and 

SJL2526), achieving 0.4 g ethanol/g biomass (Lee et al., 2011). These are two 
examples of unique processes which utilize marine algae with high sugar 

contents in combination with GMO strains of E. coli that are able to produce 

ethanol at a high efficiency. Although feedstock availability may be a limiting 
factor, these processes illustrate an innovative approach to using many forms 

of algae. 

Numerous species of microalgae can be used to produce lipids, proteins 
and carbohydrates. One such algae, Prymnesium parvum, produces 

approximately equal portions of lipids, proteins and carbohydrates, i.e., about 

33% of each. For the purpose of generating the numbers listed in Tables 6 and 

7, the yield from algae cultivation would agree with that measured from the 

growth of P. parvum. In this example, the primary product was lipids, while 
carbohydrates were listed as a secondary byproduct. Actual yields will depend 

on the specific microalgae and the conditions of the process. Recycled 

vegetable oil is listed as having a footprint of zero (similar to the byproducts 
listed in Table 6) due to it not being a primary and virgin product. The 

production of one ton of biodiesel (263.0 gal [995 L] at a density of 7.6 lb/gal 

[0.9 kg/L]) would require 2,666 lb (1,209 kg) of oil (350 gal [1,300 L] of oil, 
assuming a loss of approximately 33% to glycerol).  

The versatility of algae for producing lipids, carbohydrates, and proteins 

will be needed to create multiple products in multiple markets to satisfy 
economic considerations successfully. Currently, biotechnology firms and the 

algae industry are focused on producing relatively low volumes of high-value 

products, such as pharmaceuticals or nutritional supplements. These same 
industries must refocus on high volumes of biofuel production at low 

competitive prices, as well as utilizing byproducts, such as protein for DDGS 

and carbohydrates for ethanol (Gladue and Maxey, 1994; Unkefer et al., 
2004; Foley et al., 2011; Mononoa et al., 2012).   

The cultivation of algae requires nutrients that can be accessed by using 

various wastewater streams, including water from the same recycled streams.  
It also requires heat for temperature control, which can be obtained from 

sunlight (when clouds are absent, and sunlight is abundant), industrial waste 

heat, or geothermal sources. In addition, algae can be utilized simultaneously 
for both the lipids (to produce biodiesel) and carbohydrates (to produce 

ethanol).   

 

10. Renewable identification number (RIN)  

 

The renewable identification number (RIN) mechanism created by the 
2007 Energy Independence and Security Act documents the production of 

biofuel at refineries by registering every gallon (3.79 L) of biofuel that is 

produced. The assigned RIN value also reflects the energy content of the 
biofuel (Table 8). Corn based ethanol is issued a RIN of 1 which as of May 

2013 had a value of $0.79, and by July 17 2017 had risen to $1.43, much 

greater than the profit margin (Haefele et al., 2009; Parker, 2012a,b,c; 
Emberland, 2013; Parker, 2013a,b,c,d,e). 

    One gallon of biodiesel derived from oil from grown and pressed feedstock 

(such as soybean-based biodiesel) or recycled cooking oil (yellow grease) is 
issued a RIN of 1.5, and as of July 17 2013 had a RIN value of $1.30 (Parker, 

2013b). Advanced biofuels, such as cellulosic ethanol (produced from 

biomass such as corn stover or switchgrass), are issued a RIN of 2.5 
(Weihrauch, 2007; Weisner, 2009). The EPA sets a yearly quota which 

dictates the amount of biofuel blended into petroleum based transportation 

fuel. Refiners, importers and blenders must comply to their EPA assigned 
RFS quota. The biofuel manufacturer registers every gallon produced with the 

EPA at the time of sale, transfer, or export/import for the purpose of ensuring 

that the biofuel is actually blended into motor fuel. The ethanol or biodiesel 
company issues the RIN for a month‟s production of biofuel, and this RIN is 

reported to EPA using a unique, 38 character number (Weihrauch, 2007).  

The RIN values are transferred with the biofuel to the purchaser (refiners, 
exporter, importers, and blenders of the fuel). Eventually, the bioethanol is 

blended into gasoline (E10, E15, E25 E85, E100), and the biodiesel is 
blended into petrodiesel (B2, B5, B10, B20, B100) (Weihrauch, 2007; 

Weisner, 2009).  

 
Table 8.  

Energy content of transportation fuels (Weihrauch, 2007; Consumer Energy Report, 2013; 

Zfacts, 2013). 

 
Fuel Btu/gal (Btu/L) Etoh /Fuel Ratio RIN 

Ethanol (E100) 76,000 (2,008) 1 1 

Biodiesel (B100) 118,296 (3,125) 0.655 Etoh/Gasoline 1.5 

Gasoline 116,090 (3,067) 0.642 Etoh/Biodiesel 0.0 

Cellulosic Ethanol 76,000 (2,008) 1 2.5 

 
During economic periods in which blending biofuel is unprofitable, the 

RINs can be separated from the fuel and used as a commodity on the open 

market (Weihrauch, 2007; Weisner,   2009). During those years in which 
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more ethanol is produced than is set by the RFS, RINs can accumulate for up 

to one year, as noted by the expiration dates. Blenders with excess RINs can 

sell them to other blenders to be used as the market dictates (Weihrauch, 
2007; Weisner, 2009; Wall Street Journal, 2013).   

From manufacturing to blending and consumption, a RIN documents the 

compliance of the biofuel blenders with the RFS mandates of 2005 
(Thompson et al., 2010). The buying, selling, and trading (swapping) of RINs 

in the marketplace is a complex undertaking, because it is influenced by 

market trends, agricultural fluctuations and regional needs (Weihrauch, 2007; 
Weisner, 2009). An example of the volatility of this system is seen in the 

three month variation in the corn grain RIN (D6), changing from $1.44 on 

July 16, 2013 to $0.675 on August 9, 2013, a 76.5 cent decrease (Platts 
McGraw Hill Financial, 2013). As described above, the economic position 

held by the biofuel industry is one of marginal profitability. The RIN system 

could lend a degree of flexibility to survive unfavorable economic periods, 
but market influences have demonstrated the vulnerability of the present 

system (Emery, 2012). A more complete discussion of the RIN system is 

beyond the scope of this paper. 
  

11. Land requirement 

 
The efficiency of algae to produce ethanol and biodiesel listed in Tables 6 

and 7 were used to calculate the area of land required per billion gallons of 

biofuel (see Table 9). Depending on the efficiency of the process and overall 
yield, each billion gallons of ethanol would require a commitment of 175 

miles2 (453 km2) to produce. Similarly, each billion gallons of biodiesel 

would require from 107 to 741 miles2 (277 to 1,919 km2) to produce (a wide 
range of variation). This range represents the collective area which would be 

dedicated to algae cultivation for the primary purpose of biofuel production.  

Although the dedication of this much land area to algae cultivation is 
significant, it is less than any other feedstock by at least an order of 

magnitude. 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

Actual sites may vary in size, efficiency, capacity and purpose. An 

example of a dual purpose algae production facility might have a primary 
purpose of using algae to reduce CO2 emissions produced by coal-fired power 

plants.  In addition to emissions from the combustion of coal, natural gas, and 
petroleum products, carbon capture to removal CO2 with algae cultivation can 

be applied to many additional commercial sources such cement 

manufacturing and biological fermentation.  In these examples reducing CO2 
emissions is the primary purpose, while the production of biofuels is integral 

but secondary. 

 

12. Conclusion 

 

Currently, biofuel production in the U.S. is limited to approximately 15 
Bgal/yr (56.8 x106 m3/yr) of corn, based ethanol and 1 Bgal/yr (3.8 x106 

m3/yr) of biodiesel (derived mainly from recycled vegetable oil). Feedstock 

limitations, i.e., sources of oil, are expected to limit the expansion of biodiesel 
production. Efforts are being made to quickly develop a cellulosic ethanol 

industry in the U.S. However, the development of this new (and largely 

unproven) industry with high investment requirements ($200 to $250 million 
for a plant that produces 20-25 Mgal/yr [75.7 x103 -94.6 x103 m3]) and large 

resource needs is not likely to occur rapidly. As of early 2014, the industrial 

cellulosic ethanol plants in operation have a combined capacity of 19.75 

Mgal/yr (74.8 x103 m3/yr) (listed in Table 2), more than triple the 2013 

capacity of 6.25 Mgal/yr (23.7 x103 m3/yr), but far below the 2014 RFS of 
1.75 Bgal/yr (6.6 x106 m3/yr). Additionally, if 2014 is as successful as 

anticipated, the Abengoa Bioenergy plant (25 Mgal/yr [94.6 x103 m3]), Poet-

DSM plant (20 Mgal/yr [75,708 m3]) and Dupont Danesco plant (30 Mgal/yr 
[113.6 x103 m3]) will start production. With the addition of these three 

cellulosic ethanol plants the total capacity will exceed 100 Mgal/yr (378.5 

x103 m3), approximately five times the 2014 capacity, another major increase 
which falls far short of the RFS.  

Many efforts are being made in the U.S. to develop cellulosic ethanol as an 

integral contributor to biofuels. Although numerous cellulosic ethanol plants 
are anticipated to initiate operation, the actual gap between available 

commercial supply and the RFS demand is widening. The 2022 RFS of 36 

Bgal (136 x106 m3) of total biofuel is a difficult goal to achieve, specifically 
due to the timeline necessary for the development of the cellulosic ethanol 

industry. It is for this reason that additional advantages should be created 

which promote other sources of transportation fuels, among them, algae 
biofuel which are highly flexible in process requirements and versatile in 

product output. Examples of advantages to promote algae biofuel production 

are: (1) Incentives to carbon capture processes by algae cultivation through 
the use of increased RIN values; and (2) Similarly, increased RIN values to 

algae derived biofuels produced through wastewater reclamation. 

Potential pathways for producing biofuels from algae were evaluated for 
their feedstock and footprint demands. The present focus of the existing algae 

industries is on producing low volumes of high-value products for 

pharmaceuticals or nutritional supplements. There also are many 
developmental efforts backed by significant financial resources that are 

focused on the production of large volumes of biofuel products. However, 

little information regarding the present status of these process operations has 
been made available. 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

The RFS is a guidance tool for the commercial production of a new 

generation of renewable biofuels (biodiesel, bioethanol, and petroleum).  
These sustainable energy sources contribute to our energy needs much like 

other established technologies such as solar, wind, and geothermal sources.  
Currently, the development of cellulosic and algae feedstocks for biofuel 

production has great potential to help diminish our dependence on petroleum-

based fuels. The versatility of algae to produce multiple products in multiple 
markets is unique. The established focus of the algae industry to produce low 

volumes of high-value products (for pharmaceuticals or nutritional 

supplements) is evolving. There are many efforts backed by significant 
financial resources that are focused on the production of large volumes of 

biofuel products. The biofuel industry is young and growing quickly, it is 

hoped that this paper can provide a basis for the development of guidance that 
will assist this industry in growing in an environmentally friendly manner.   
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