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1. Abstract 

Our dependence on petroleum-based fossil fuels for our transportation needs has come at 

high environmental, financial, and political costs. The emergence of biofuels as a viable 

alternative to fossil fuels would eliminate many of these costs. However, while there are 

renewable and environmentally safe methods of biofuel production, the costs of production 

cannot yet compete with that of fossil fuels. 

There are two types of biofuels, first and second generation. First generation comprises of 

biofuels produced from simple fermentation reactions. A current example of this is corn-based 

ethanol. Second-generation biofuels are produced from more advanced means, such as enzymatic 

biochemical reactions, and utilize such products as algae and plant waste. Currently, Second 

generation biofuels are more expensive to produce than first generation, which is the main reason 

that they are not as prevalent. One main advantage of second generation versus first generation is 

that it bypasses the whole “food versus fuel” debate, as second generation biofuels as produced 

from non-food products, while first generation uses food products such as corn or sugar cane. 

The ongoing research presented in this paper will show how we may one day be able to utilize 

second generation biofuels to satisfy 100% of our transportation needs.   

In this paper, the following plan is proposed to eventually wean ourselves off of fossil 

fuels. In the present day, incorporate a blend of first generation biofuels with petroleum. This is 

already occurring, as evidenced by the availability of such blends as E85 (15% ethanol blended 

with petroleum). In the near term (2-3 years in the future), incorporate second generation  
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biofuels as a blend with petroleum. And in the future (5+ years in the future), have all our 

transportation needs met by 100 % full renewable second generation biofuels. While these are 

ambitious goals, the ongoing research will show that once production of second generation 

matures, these fuels will be able to be produced at a competitive cost as current petroleum-based 

fossil fuels.   
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2. Introduction 

One of the necessities for biofuels is the environmental impact of fossil fuels. The usage 

of fossil fuels for transportation has a well-documented environmental impact. Production and 

usage of fossil fuels has been shown to increase global warming, lead to destruction of natural 

environments, and pollute the environment. 

Burning fossil fuels causes the release of Carbon Dioxide (CO2), which gets trapped in 

and heats up the atmosphere, which causes global warming. The phenomena of global warming 

and its causes is one that is often debated. Recently, Richard Muller, a scientist at UC Berkeley, 

produced data that show that humans are responsible for the rise in the Earth’s temperature, and 

that it is not simply a natural phenomenon.   

Global warming is real and humans are the cause: “Our results show that the average 

temperature of the earth’s land has risen by two and a half degrees Fahrenheit over the past 250 

years, including an increase of one and a half degrees over the most recent 50 years. Moreover, it 

appears likely that essentially all of this increase results from the human emission of greenhouse 

gases.” 

Humans are the cause: “chart of temperature from 1753 to the present, with its clear 

fingerprint of volcanoes and carbon dioxide, but containing no component that matches solar 

activity. Four of our papers have undergone extensive scrutiny by the scientific community, and 

the newest, a paper with the analysis of the human component, is now posted, along with the data 

and computer programs used. Such transparency is the heart of the scientific method.” 
1
 The 

graph shown below (Figure 1) illustrates the correlation of CO2 increase and temperature 

increase: 
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Figure 1: Global land surface temperature and CO2 levels over the past 250 years 
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 “Muller notes this doesn't prove that carbon dioxide 

is responsible for warming, but adds: 

"To be considered seriously, any alternative 

explanation must match the data at least as well as does 

carbon dioxide."”
2
  

While oil production in the US has steadily 

increased, the amount of money spent on foreign oil is still 

staggering. As Figure 2 shows, a lot of this money is going 

to countries deemed “unstable”, or even having “hostile 

relations to the United States”. 
3
 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: International sources of oil from some of the world’s largest 

oil companies 

 

 

 

 

  

http://berkeleyearth.org/pdf/berkeley-earth-press-release-july-29.pdf


8 
 

3. Potential Benefits of Switching From Fossil Fuels to Biofuels 

“Biofuels are transportation fuels like ethanol and biodiesel that are made from biomass 

materials. These fuels are usually blended with the petroleum fuels — gasoline and diesel fuel, 

but they can also be used on their own. Using ethanol or biodiesel means we don't burn quite as 

much fossil fuel. Ethanol and biodiesel are usually more expensive than the fossil fuels that they 

replace, but they are also cleaner-burning fuels, producing fewer air pollutants.” 
4
  

There are two potential benefits from switching from fossil fuels to biofuels: 

environmental and fiscal. The environmental impact could lead to reduced emissions and 

reduced pollution. The fiscal impact could lead to the creation of new jobs. Both are explained 

below. 

Environmental Impact 

Biofuels from plants and trees have been shown to produce fewer emissions compared to 

gasoline
5
. This effect is illustrated on Figure 3. 

http://www.eia.gov/energyexplained/index.cfm?page=biofuel_ethanol_home
http://www.eia.gov/energyexplained/index.cfm?page=biofuel_biodiesel_home
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Figure 3: Emission Effects of Biodiesel 

This graph compares the release of nitrous oxide (NOx) particulate patter (PM), 

hydrocarbons (HC), and carbon monoxide (CO) from B20 (20% biofuels in conventional diesel) 

biodiesel to conventional diesel fuel emissions. It shows that while a slightly more amount of 

NOx is released from biodiesel, the amounts of PM, HC, and CO released from biodiesel are 

lower than conventional diesel
5
.  

In addition to the reduction of PM, HC, and CO emissions, “sulfur oxides and sulfates, 

which are major components of acid rain, are not present in biodiesel.”
5
 This reduction in 

emissions will help to slow the erosion of the ozone layer and reduce air pollution. Another 

benefit to plant-derived biofuels is that while they release CO2 into the atmosphere, the net 

amount of CO2 released is less than the levels released from conventional fuels. The reason for 

this is that plants need CO2 from the atmosphere to grow, and the CO2 that is released back into 

the atmosphere is CO2 that was already present from the atmosphere. The CO2 released from 
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conventional fuel is CO2 that was stored underground, and thus not readily available, so when 

released into the atmosphere is a net gain in CO2. CO2 is also the main source of Greenhouse 

Gases (GHGs). The release of GHGs from fossil fuels causes climate change, which can lead to 

natural disasters and even water and crop shortages. 

Another potential environmental benefit of using biofuels is the ability to use 

lignocellulosic biomass, such as plant waste, wood chips, grasses, and plant products that are 

both abundant and have no other agricultural or industrial use. However, the presence of lignin, 

which is present in plant cell walls to strengthen and stabilize the plant, provides a hindrance to 

mass biofuel production. To extract the plant sugars needed for biofuel production, lignin need to 

be broken up. The process of breaking up lignin to extract the plant sugars used to make biofuels 

is currently time-consuming and expensive
6
. However, there is some early-stage research that 

may one day make mass production of biofuels from lignocellulosic biomass a reality. Some of 

these research ideas include: making plant lignin weaker by removing a protein necessary for the 

lignin production,
6 

understanding how anaerobic fungi from horse digestive tract break down 

plants,
7
  and using a chemical liquid to dissolve plant lignin.

8
    

Fiscal Impact  

While switching to biofuels certainly has positive environmental benefits, there are also 

economic benefits. One such benefit is job creation directly related by increased biofuels 

production.  

 

Figure 4: Job Creation Associated with Increased Biofuel Production 
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Figure 4 shows how new jobs will be directly created with increased biofuels production. 

Also of note is the decrease in oil imports, which has both economic and political implications.
9
 

The added benefit of domestic biofuel production means that less money is being spent on 

foreign oil.  
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4. Challenges/Incentives Facing Biofuels 

Biofuels are produced from different raw materials and methods. Based on this, they are 

characterized as first and second Generation Biofuels.  

First generation biofuels are produced by fermentation to get ethanol. Corn-based ethanol 

is a common first generation biofuel. The technology to produce these is simple (fermentation), 

but there are potential issues such as the “food versus fuel debate” (i.e., utilizing valuable 

farmland to produce fuel, driving up the price of the food or fuel, and whether to use the crop for 

food or fuel, and the opportunity cost of not being able to use the farmland to produce other 

crops). Therefore, since there are a number of controversial issues with the production of first 

generation biofuels, this may not be the best option for mass production of transportation-based 

biofuels.  

Second generation biofuels are produced by other more complex technology. This can 

utilize starting materials such as algae, plant-waste (cellulosic), wood chips, and other bio 

products that either grow on land that can’t be used to grow other crops, or have no other use, or 

can be easily and cheaply grown (do not require a large land area to produce a large amount of 

biofuel), or are simply a waste product that may otherwise end up in a landfill. The main 

drawback to using second generation biofuels is that the cost to produce is very high, due in part 

to the complex technology currently required to produce the biofuel. This leads to a much higher 

cost of a unit (of energy output) of second generation biofuel relative to the cost of the same unit 

(of energy output) a first generation biofuel or even a conventional fuel (such as fossil fuel). 

However, as the technology to produce second generation biofuels advances and matures, the 

cost to produce will inevitably come down. This in turn will lead to greater utilization of second 

generation biofuels, and a reduction in the usage of fossil fuels. We are already seeing some of 
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the early potential of biofuels in the form of biodiesel, which has been shown to power jets at a 

similar efficiency as conventional diesel fuel
10

.    

In addition to being a cleaner-burning fuel than conventional biofuels, second generation 

biofuels hold some distinct advantages over first generation biofuels. The first of these is an 

avoidance of the whole “food versus fuel” debate. Second generation biofuels are typically 

produced using plant waste, algae, and other non-food items. Also, many of these biological 

products grow in areas where nothing else can grow, so the whole argument on utilization of 

valuable farmland is avoided. Some biofuels, such as algae, can be massively grown in a 

bioreactor to potentially produce a large amount of biofuel in a small area. In some cases, 

potentially harmful chemical products, such as CO2 can be used to produce biofuels
11

. In cases 

such as these, biofuel production and utilization could not only reduce pollution, but potentially 

reverse some of the environmental damage that the heavy usage of fossil fuels has caused. A 

potential drawback to using plants, however, is that some plants, like switchgrass, have 

important environmental functions like preventing soil erosion and providing homes for 

animals.
5
 

Another benefit of the ease of production of biofuels is the potential to bring this energy 

source to parts of the world which may not have easy access to conventional fossil fuels. An 

example of this is the jojoba bean, which produces oil that is very easy to extract from the bean 

and can be subsequently used as fuel. This plant is native to the SW USA/Mexico, but could 

conceivably be grown in other parts of the world, especially in a similar climate as the SW 

USA/Mexico.  

In the next few years, algae/petroleum blends provide the best way to meet the RFS 

quota.  Advantages are that it is easy to produce; it avoids the food versus fuel debate common to 
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first generation, fermented biofuels, and can be produced using a relatively small land area. 

However, one drawback is that it is not yet a 100% drop-in fuel for current engines. That being 

said, algae/petroleum blends are already being utilized in diesel engines, and increased use in 

privately-owned vehicles is not far off. 

In the present term, first generation, fermented fuels based on such crops as corn and 

ethanol are the way to meet the RFS. These are very easy to produce, and can already be used in 

current engines as an 85% blend. The obvious drawback is that these crops require substantial 

farmland to produce, at the expense of other crops. This brings up the other obvious drawback of 

the “food versus fuel” debate. The usage of food crops for biofuel will eventually be phased out, 

as second generation biofuels such as algal ethanol will become a more viable option as 

production technology becomes more efficient.  

While corn is very commonly used today to produce biofuels, it may not be the best 

option. “Corn is not considered to be a major oil crop—it produces around 18 gallons of oil per 

acre per year, which is less than half as much as soybeans. The yield of oil from algae still needs 

to be demonstrated on a large scale, but assuming an optimistic but not unrealistic annual yield 

of 4,000 gallons of oil per acre, it is clear that algae could be a couple hundred times more 

productive than corn. Comparing algal oil to corn ethanol, algae would be around ten times more 

productive in terms of fuel energy.”
12

 Another current method of energy is solar/wind power, 

however, this alone may not be enough to satisfy all our energy needs. “Algal photosynthesis is 

essentially a type of solar energy, because the cells are converting the energy of sunlight and 

carbon dioxide into stored energy in the form of oil. Assuming 4,000 gallons of algal oil per acre 

per year, the overall efficiency of algal oil production (energy in the oil divided by the total 

energy in the incident sunlight) would be around two percent on a full solar spectrum basis. This 
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is lower than the efficiency of electricity production by typical photovoltaic solar cells, so 

photovoltaics would generate more energy per land area. However, algae are producing a liquid 

fuel, whereas photovoltaics (or wind turbines) are producing electricity. I think that we will 

continue to need both types of energy in the future. Even if all cars ran on electricity, we would 

still need an energy-dense liquid transportation fuel for trucks, trains, and airplanes.”
12
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5. Biofuels in Transportation  

Cars that run on biofuels such as algae and used vegetable oil are in use now, especially 

in diesel engines. These can use a blend of up to 20% biofuel/petroleum blend
13

. Some benefits 

of algae are that it is easy to grow
14

, will not take up valuable farmland, and does not cause 

pollution
15

. 

Current and future mandates are specifying for the inclusion of biofuels in transportation 

fuels. The Group of 8 (G8) is requesting a 50% global reduction of CO2 by 2050. According to 

the International Energy Agency (IEA), “by 2050, biofuels could provide 27% of total transport 

fuel and contribute in particular to the replacement of diesel, kerosene and jet fuel. The projected 

use of biofuels could avoid around 2.1 gigatonnes (Gt) of CO2 emissions per year when produced 

sustainably”
17

. 

In addition, federal mandates require increasing levels of renewable fuels into current 

transportation fuels. “The U.S. Renewable Fuel Standard (RFS) for transportation fuels sets 

minimum levels of renewable fuels that must be blended into gasoline and other transportation 

fuels from 2006 to 2022. Specific requirements for blending advanced biofuels, including 

cellulosic biofuels and biomass-based biodiesel, begin at 0.6 billion gallons per year in 2009 and 

rise to 21 billion gallons in 2022.”
18

 

Widespread use of biofuels as a petroleum replacement is a future possibility. There are 

some instances of cars fueled by algae or used vegetable oil, and even more widespread, 

biodiesel in diesel engines. One of the reasons that biodiesel has gained more of a foothold 

compared to non-diesel vehicles is that biodiesel is a drop-in replacement for diesel fuel. This 

means that any diesel engine can run either petroleum-based diesel fuel (such as a 20% blend 

with conventional diesel) or biodiesel without any modification to the engine. While this 
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certainly is a positive step to wean ourselves off of petroleum, diesel engines are a small 

percentage of the total vehicles on the road.  

To produce cars that can run on 100% algae or used vegetable oil (as opposed to a 

biofuel/petroleum blend), significant engine modifications need to be made. One possible way to 

achieve this in the next few years, assuming the cost and scale of production become reasonable, 

is to use a biofuel/petroleum blend that can work in current automobile engines without any 

further modification. By doing this, not only are GHG emissions reduced, biofuel production is 

potentially more profitable.  Another reason for using a biofuel/petroleum blend before going to 

100% biofuel is that it will provide oil-producing companies (which may already have the 

intellectual and even technical capacity to produce biofuels) sufficient time to change their 

business models. This will help ensure that jobs are not lost, and that those individuals currently 

working to produce petroleum can be re-trained to produce biofuels.    

Another benefit of the shift to biofuel/petroleum blend is the potential advancement of 

vehicle engine technology. By having to modify an engine, it could potentially be re-designed to 

not only run 100% biofuels, but to be more efficient with fuel consumption. A potential side-

effect is the creation of new companies and new jobs, but as with petroleum-producing 

companies, current vehicle engine-producing companies could already have the capacity to 

design engines powered by 100% biofuels.  
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Vehicle usage is projected to go up, especially in developing countries (Figure 5), which 

means that there is an even greater need for fuels that release little or no GHGs. “Transport 

accounts for 19% of global energy use and 23% of energy-related Carbon Dioxide (CO2) 

emissions and these shares will likely rise in the future. Given current trends, transport energy 

use and CO2 emissions are projected to increase by nearly 50% by 2030 and more than 80% by 

2050.”
19

  

 

Figure 5: World transport energy use has more than doubled in 40 years.
19

 

While production of biofuels has increased, there is still a very long way to meet the 

world’s transportation needs.  Biofuels will become cheaper as production technology advances, 

and consequently easier to scale-up to a level that is practical for widespread use. 

“World biofuel production has increased sevenfold since 2000, but still meets only 2.3% 

of final liquid fuel demand.  Production of biofuels globally grew from 16 billion liters in 2000, 

to an estimated 110 billion liters in 2012
20

 (Figure 6). Biofuels accounted for around 2.3% of 

total transport fuel demand in 2011. Brazil, the United States and the European Union have 

considerably higher shares, at 20.1%, 4.4%, and 4.2% respectively in 2010.” 
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This is an encouraging start, but to make a real impact more needs to be done: 

“Production must more than double from today’s levels to meet 2DS goals (Note: 2DS is 2-

degree Celsius scenario, which is the rate of progress required to achieve a 2-degree Celsius limit 

in global temperature rise)
20

. Global biofuel production is set to increase by 25% by 2017, to 

around 140 billion liters. Despite this growth, a considerable gap of 100 billion liters remains 

between projected 2017 production volumes and volumes required in the 2DS
20

.” 

One way to ensure that the biofuel production goals are met is to improve on current 

technologies for production: “Advanced biofuel production capacity
24 

continues to expand, 

reaching 4.5 billion liters in 2012, up 1.3 billion liters from 2011, and 2.9 billion liters from 2010 

(Figure 6). This progress, while significant, must be accelerated. Commercial deployment of 

advanced biofuel conversion technologies will be required to reach 2DS objectives, while 

improving conversion efficiency, cost and sustainability of conventional biofuels. The 2DS 

assumes less than 30 billion liters of advanced biofuel capacity in 2020. The advanced biofuel 

sector is projected to see solid capacity additions out to 2017, with installed production capacity 

forecast at 10 billion liters in 2017. This is only one-third of the capacity required to meet the 

2DS, however, so significantly more investment in commercial production units is required
20

”. 
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Figure 6: current production and capacity levels needed to reach the 2DS target in 2020. 
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6. Biomass Energy Pros and Cons
21 

As with many technologies, there are benefits and drawbacks. The production of 

biomass-based biofuels is no exception. Some of the pros to producing biomass-based biofuels 

are: biomass-based biofuels are truly renewable, widely available, and in abundant supply. These 

attributes are satisfied since biomass-based biofuels are made from a wide variety of plant-based 

material. In addition, the input costs are generally low, due to the fact that plant waste can be 

used. The use of plant waste can not only relieve the need to use plant-based crops, but can also 

help relieve the waste disposal issue. On a political note, biomass-based biofuels can be 

produced domestically to promote energy independence from foreign nations. From an 

environmental standpoint, there is a low carbon byproduct from the production of biomass-based 

biofuels, thus making them cleaner to produce than fossil fuels. 

Although the pro arguments show that the use of biomass-based biofuels can be 

beneficial, there are con arguments that need to be considered. Some of these considerations are 

economical, in that the overall costs of production can be very high, sometimes with little or no 

net gain from the production process. Water is also required, which is another added cost, as well 

as the food versus fuel argument for those fuels derived from food crops, such as corn and sugar 

cane. From an environmental standpoint, deforestation could result in order to grow crops 

specifically for biofuels production. Also, some biofuels are not totally clean when burned as 

fuel, as NOx, soot, ash, CO, and CO2 are harmful byproducts, with methane and CO2 emitted 

during biofuels production. 
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7. Algae-based Biofuels Pros and Cons 

While the drawbacks of algae-based biofuels are significant now, these could potentially 

be resolved in the future with advances in production technology. However, the benefits to using 

algae-based biofuels are massive. The fuel is essentially carbon neutral when used, and is 

inherently renewable. In addition, it can be grown on land unsuitable for other types of 

agriculture, and waste CO2 and waste water can be used as nutrients to grow the algae. This 

eliminates the whole food versus fuel issue. From an economic standpoint, algae-based biofuels 

give a higher energy per-acre than other biofuels, and that 17 % of U.S. oil imports could be met 

with algae
22

. Algae-based biofuels can also be used as a drop-in replacement for petroleum-based 

liquid tech fuels, and research to improve the production, costs, and quality of algae-based 

biofuels has been going on for more than 50 years.  

With all the pros of algae-based biofuels, there are some cons, primarily economic in 

nature. The upfront capital costs can be high, as a controlled temperature environment and a 

considerable amount of both land and water are needed. Also, it’s not yet clear what the ultimate 

cost per gallon will be, although it is presently too high for algae-based biofuels to be utilized for 

mass consumption
23

. 
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8. Natural Gas Pros and Cons 

Natural gas is the cleanest fossil fuel available, but as detailed below, is nowhere near as 

clean and environmentally-friendly as biofuels. There are, however, some benefits to using 

natural gas. Natural gas is widely used, with the delivery infrastructure and end use appliances 

already in place. It also emits 45% less CO2 than coal and 30% less CO2 than oil, making it the 

cleanest of all the fossil fuels. There is an abundant supply in the U.S, with the DOE estimating 

1.8 trillion barrels
24

.  

The cons of natural gas are abundant, with both environmental and overall safety 

concerns. Natural gas is a non-renewable fuel source, and the supply cannot be replaced for 

millennia. It contains 87-97% methane
25

, which is a potent GHG. It is also stored and transported 

under high pressure, and is explosive
26

. To transport natural gas, extensive pipelines that can 

disrupt the environment need to be built
27

. The liquefied form that is typically transported by 

tanker ships over water is also very dangerous
26

. 

There are also a lot environmental risks associated with fracking, which is the process 

used to extract natural gas from beneath the Earth’s surface. Fracking requires a large amount of 

water, which can also cause water pollution due to chemical runoff
28

. Fracking can also bring up 

adsorbed underground toxins such as arsenic
29

.    
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9. Current Modes of Algal Biofuel Production  

There are many ways that algal biofuels are currently being produced. Some methods 

used by larger companies are more established and can currently produce biofuels at relatively 

high scale and with lower costs. Smaller companies and research labs are also working on 

methods that could potentially lead to a breakthrough in high-scale, low cost production. 

Currently, however, the scale and cost at which algal biofuels are being produced is not enough 

to satisfy the world’s needs, or the RFS standard. 

Some of the different techniques used are detailed below
30

: 

 Open system (ponds): This is the technique used by one local algal biofuel-producing 

company, Sapphire Energy
31

. One of the advantages is that an algal pond can be 

located anywhere with sufficient sunlight, and the process is non-invasive. However, 

there are concerns with contamination and temperature regulation, which can get 

expensive. 

 Bioreactor (vertical growth/closed loop system, Figure 7)
30

: To eliminate the 

disadvantages of the open system method, a closed-loop system has been utilized. 

Algae are placed in clear plastic bags, and exposed to sunlight so the algae can grow. 

Nutrients, carbon dioxide, and water are pumped in, with the water cycling through 

and getting recycled. This minimizes the use of water in growing algae. After 

sufficient growth, the algae are then harvested, and the oil can be extracted to produce 

biofuel. The resulting biomass can then be recycled back into the system to repeat the 

process.   
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Figure 7: The bioreactor system (top) and process (bottom) used for the production of algae biofuels 
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One challenge for growing algae is the use of water and other nutrients needed to sustain 

cultures. However, “Similarly, by using wastewater from agricultural or municipal sources to 

grow and feed the algae, one could address both the water and the nutrient issue, and lower the 

energy demands in the process as well”
32

. Also, in a closed system this water is recycled, so that 

would only need to be an initial input of water, as opposed to continually supplying the system 

with water. 

Another company, Algenol, is currently able to produce algal-based ethanol at a 

production cost of $1.18/gallon with a total production of 10,400 gallons/acre/year
33

. This is a 

much greater output than either corn (400 gallons/acre/year) or sugar cane (800 

gallons/acre/year).
34

Another advantage to Algenol’s process is that the production process starts 

with salt water, then produces 1.4 gallons of clean water for every gallon of algal biofuel 

produced. The further plan is to market the fuel at 75 cents less than the current market price for 

algal-based ethanol fuels, thus making it more competitive with petroleum-based fuels.  

Some examples of ongoing research to improve algal biofuel production are described 

below: 

 As an experimental algae production, NASA’s OMEGA (Offshore Membrane 

Enclosure for Growing Algae) project shows promise (Figure 8)
35

. This system uses 

large, clear plastic tubes called photo bioreactors that contain algae and float in the 

ocean. To provide nutrients to the algae, wastewater is pumped into the photo 

bioreactors. The tubes are on the ocean surface and have exposure to sunlight. After 

utilizing the nutrients and sunlight, the algae then release clean water and oxygen, 

which also serves to clean the wastewater. Once the algae have sufficiently grown, it 

can be harvested to make biofuels, and the process can be repeated.  
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Figure 8: Overview of the OMEGA system for algae biofuels production 

 

 Using algae found in harsh environments to engineer tougher biofuel-producing 

algae
36

. A research team recently sequenced the genome of Galdieria sulphuraria, 

which is red algae that is found in such harsh climates as volcanoes and sulfur in hot 

springs. By studying the genetic factors that allow for the algae to survive in these 

harsh climates, biofuel-producing algae can be engineered to tolerate high-heat and 

metal contamination. This would in turn allow for biofuel-producing algae to be more 

robust and less prone to breaking down, no matter which type of method is used for 

algal-based biofuel production.  
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 Ferredoxins are proteins that can transfer electrons in a redox reaction. According to a 

research group from the Energy Department’s National Renewable Energy 

Laboratory, 2 of the 6 ferredoxins (FDX1 and FDX2) found in Chlamydomonas 

reinhardtii algae could potentially result in increased hydrogen production, which 

could lead to hydrogen as a biofuel. If the bacteria can be modified so that more 

electron transport goes through FDX1 (or less preferentially FDX2), then hydrogen 

can be produced at an increased rate by the bacteria. This hydrogen could then be 

used as a biofuel
37

. 
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10. Production of Biofuels from Biomass 

In addition to algal biofuels, biomass can provide biofuels that can potentially satisfy the 

world’s transportation needs.  

Meeting the challenge of producing cellulosic ethanol (i.e. from switchgrass or “plant 

waste”) to reach the 36 billion gallons by 2022 challenge will be difficult. However, it is 

theoretically not impossible. As quoted by the Worldwatch Institute, “Using biochemical 

methods (hydrolysis and fermentation), each dry ton of switchgrass can in theory yield 111 

gallons of ethanol. Using thermochemical processes (gasification, pyrolysis, and 

depolymerization), the theoretical maximum is 198 gallons. In practice, researchers today 

estimate getting 100 gallons per dry ton of switchgrass; roughly double the 50 gallons a ton 

produced in pilot projects just a few years ago. According to a 2005 government study of the 

total available biomass in the United States—known as the “billion ton study”—roughly 1.3 

billion tons of cellulosic biomass could be harvested sustainably nationwide each year by mid-

century. If these 1.3 billion tons were converted to fuel at 50 to 100 gallons a ton, the United 

States would produce between 65 billion and 130 billion gallons of cellulosic ethanol
38

”. While 

this would easily surpass the goal of 36 billion gallons produced by 2022, there is still the issue 

of land utilization to get to this goal. To answer this, the Worldwatch Institute has determined the 

following: “Most of the switchgrass grown intentionally in the United States today is in the 

Conservation Reserve Program (CRP), which encompasses about 34 million acres, a tiny fraction 

of the country’s total agricultural land. If the average switchgrass yield is 3 tons per acre (as one 

study suggests, assuming that marginal land is used and that some biomass is left on the fields), 

and the ethanol is converted at 100 gallons a ton, then 120 million acres will be needed to 

produce 36 billion gallons of fuel. This is a large amount of land, though, for comparison, it 

http://www.fsa.usda.gov/Internet/FSA_File/deconepager.pdf
http://www.pnas.org/cgi/reprint/105/2/464
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represents only 15 percent of the total U.S. land currently used for grazing livestock. But if the 

average feedstock yield is 10 tons an acre, rather than just 3, which could be realistic using a 

different grass variety or better-managed switchgrass, then only 36 million acres would be 

needed to meet the RFS. This is still more area than is currently enrolled in the CRP, but it 

represents only about 5 percent of the land used today for grazing, or 8 percent of the current 

cropland
38

”. With the relatively small amount of land required to meet the production goal, the 

environmental impact could be minimal. 

In addition to switchgrass, there are other potential methods of producing biofuels. Some 

examples of ongoing research to improve cellulosic biofuel production are described below: 

 Hydrogen from plant sugar xylose as a fuel source: Found in any plant, so plenty of 

options and bypasses the food versus fuel debate. Also emits very low GHGs, unlike 

current hydrogen source of natural gases. This process of extracting hydrogen from 

plant xylose is known as Synthetic Pathway Biotransformation (SyPaB). It involves a 

series of enzymes that act as catalysts to produce hydrogen from xylose and a 

polyphosphate. The energy that is produced from SyPaB is more that the energy that 

went into the reaction, which results in a net energy gain. This is in contrast to ethanol 

and butanol produced from sugars, which require a higher energy input than the 

output of the reaction, or an energy penalty. While SyPaB is far from perfect, it has 

the potential to use one of the most abundant plant sugars and use it to make 

hydrogen-based biofuels in an energy-efficient and renewable process.
39, 40, 41

 

 Breakdown of lignin
42

: One of the barriers to producing biofuels from biomass is 

lignin, which forms a protective wall in plant cells. In biofuel production, this wall 

must be broken down to get to the cellulose used to make ethanol. A research group 
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in North Carolina has found a way to genetically modify a plant cell with reduced 

lignin. The result is that the plant cell is weaker and less energy-intensive to break 

down. Discoveries such as this could to breakthroughs in more energy-efficient and 

thus cost-effective biofuel production.  
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11. Other Speculative Research 

 A research team from the United Kingdom has created hydrocarbons that are 

chemically the same as hydrocarbons found in petroleum using E. Coli bacterial cells 

grown in a laboratory. In theory, this could replace petroleum in engines without 

needing to modify existing engines,
43, 44

 To do this, the researchers created a new 

metabolic pathway in genetically modified E. Coli cells that could produce the same 

types of carbon chains found in petroleum. The main drawback is that only a very 

tiny amount of the hydrocarbons were produced. However, the potential to produce a 

100% renewable drop-in fuel into existing engines is very promising. 

 Another group is converting ionic liquids into biofuels
45

. Ionic liquids are waste 

products from biofuel production, such as lignin and cellulose. A research team was 

able to turn them back into biofuels using sugars from biomass. This “closed-loop 

system” cuts down on waste and the cost of producing biofuels from raw materials. 

At present, this method uses expensive chemicals to generate the production, but this 

cost could come down by substituting cheaper chemicals. This, in turn, would help 

minimize waste products from biofuel production.  

 Enhanced E. Coli cells used to produce bio-gasoline (isopentenol).
46

 A research group 

has found a possible method to scale-up the production of isopentenol, which can be 

used as a bio-gasoline. The problem that the group encountered was that the E. Coli 

bacteria used to produce the bio-gasoline would be killed by the same product. This 

toxicity made is near-impossible to scale-up production. To fix this, the group 

identified and included the genes responsible for isopentenol resistance, thus 

enhancing the E. Coli bacterium’s ability to survive and continue producing bio-
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gasoline. The genetic modifications allow for isopentenol to be forced out of the E. 

Coli cell, and allowing the bio-gasoline to float to the surface, as an oil-water mix. 

This makes the valuable biofuel easy to obtain, and allows the bacteria to survive and 

produce more biofuel. 
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12. Conclusion 

While current technologies are an improvement over older production methods, there is 

still more technological advancement that needs to be accomplished to increase the use of 

biofuels. ”Without costly and time-consuming infrastructure and engine remodeling, the 

maximum blend ratio of biofuel to petroleum distillate (the blend wall) is between 10% and 

20%
4
. Consequently, without a dramatic change in vehicle technology and fuel supply 

infrastructure, 80–90% of transport fuel demand cannot be met through replacing petroleum-

derived fuels with the biofuels currently available
47

.” 

Another challenge is the overall cost needed to produce second generation biofuels is 

currently higher than the cost to produce a similar amount (in terms of energy units) of fossil 

fuels
48

. 

How to address this challenge: The above statement is currently true, however, this will 

not be the case in the future as technology develops and reduces the cost of production. As 

dependence on fossil fuels is reduced, resources (such as land, water, labor, and technology) 

previously used to produce fossil fuels can subsequently be diverted to the production of second 

generation biofuels. In the short term, there should be two main focuses: 1) developing 

transportation that is powered by biofuels, and phasing out transportation that is powered by 

fossil fuels; 2) reducing the cost of second generation biofuels production through technological 

advances. Due to the high cost of production and resulting purchase, this would have to be done 

on a very small scale at first. However, it has been shown that modifications to existing engines 

would not be excessive, so the changes could happen sooner rather than later. In fact, blended 

biofuels (such as E85) are already used in many diesel engines. Another article describes how 

existing jet engines perform better with algal biofuels: “Test flights have shown aviation 
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biofuels have a higher energy density that imparts better fuel mileage. Engines running on 

biofuels also encounter lower burn temperatures, which means less fatigue on parts and longer 

engine life
49

.” 

In the present term, a petroleum/biofuel blend is the way to go to at least reduce our fossil 

fuel dependence and slow environmental destruction. This is currently taking place with 

biodiesel. A biodiesel engine can run on an up to 20% blend (or B20), without any additional 

modification to the engine 
13

. Since most current vehicle engines run on petroleum, technology 

needs to be further developed for either these engines or completely new engines to efficiently 

run biofuels. In the long term, a complete switch to 100% biofuels may be possible with 

advancement of production technology, reduction of production costs, and modifications to 

vehicle engines. Algae biofuels alone may not be enough to meet the current goal of 5% (39 

billion gallons) of US transportation needs
50

, so other biofuels, such as those made from plant 

waste, may be needed to wean our dependence from fossil fuels. Weaning ourselves off of 

petroleum is especially important as the number of cars in the world will increase, especially 

with the rapid economic growth in countries such as Brazil, India, and China, which will all have 

huge demands for fuel. Let’s make sure that the fuel is something that is clean-burning and does 

not release any more GHGs into the atmosphere. 

In the next few years, algae/petroleum blends provide the best way to meet the RFS 

quota.  Advantages are that it is easy to produce; it avoids the food versus fuel debate common to 

first generation, fermented biofuels, and can be produced using a relatively small land area. 

However, one drawback is that it is not yet a 100% drop-in fuel for current engines. That being 

said, algae/petroleum blends are already being utilized in diesel engines, and increased use in 

privately-owned vehicles is not far off. 
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With all of the ongoing research and improvements to existing technologies, second-

generation biofuels, such as algal-based fuels, will soon become commonplace for drop-in fuels 

in many modes of transportation. Weaning ourselves off of conventional fuels such as petroleum 

has many benefits for all people and the planet for many generations to come.  

 

 

 

 

 

 

 

 

 

  



37 
 

13. Bibliography/Works Cited 

1) Muller, Richard The Conversion of a Climate-Change Skeptic Retrieved on March 28
th

, 

2015 http://www.nytimes.com/2012/07/30/opinion/the-conversion-of-a-climate-change-

skeptic.html?pagewanted=all&_r=0 

2) Payne, Verity BEST: The Science Behind Richard Muller’s “Conversion” Retrieved on 

March 28
th

, 2015 http://www.carbonbrief.org/blog/2012/07/best-the-science-behind-

richard-mullers-conversion/) 

3) Figure 1 Five Biggest Companies Importing Oil from Unstable Countries Retrieved on 

June 9, 2013 

http://www.eia.doe.gov/oil_gas/petroleum/data_publications/company_level_imports/cli_

historical.html 

4) U.S. Energy Information Administration Biofuels: Ethanol and Biodiesel Explained 

Retrieved on March 31, 2015 

http://www.eia.gov/energyexplained/index.cfm?page=biofuel_home 

5) Figure 2  http://www.energyfuturecoalition.org/biofuels/benefits_env_public_health.htm 

6) Rosen, Megan To Make Biofuel, Cut the Lignin Retrieved on March 31, 2015 

https://www.sciencenews.org/article/make-biofuel-cut-lignin 

7) Stauffer, Nancy W Converting Plant Waste into Biofuels: Promising Advances Using 

Yeast and Fungi Retrieved March 31, 2015 

http://web.mit.edu/newsoffice/2012/converting-plant-waste-into-biofuels-0912.html 

8) Lane, Jim Researchers Find Simple, Inexpensive Technique for Removing Lignin 

Retrieved on April 2, 2015 

http://www.biofuelsdigest.com/bdigest/2014/01/13/researchers-find-simple-inexpensive-

technique-for-removing-lignin/ 

9) Lane, Jim Make it Here, Bank it Here: Biofuels Economic Impact Spurs Expansion 

Retrieved on April 2, 2015 http://www.biofuelsdigest.com/bdigest/2012/02/22/make-it-

here-bank-it-here/ 

10) Alspach, Kyle Joule Says it Can Now Produce Renewable Gasoline and Jet Fuel Without 

Biomass Retrieved on April 2, 2015 

http://www.bizjournals.com/boston/blog/startups/2013/04/joule-renewable-gasoline-jet-

fuel.html?ana=RSS&s=article_search&utm_source=feedburner&utm_medium=feed&ut

m_campaign=Feed%3A+industry_5+%28Industry+Energy+%26+the+Environment%29

&utm_content=Google+Reader 

11) United Press International Greenhouse Gas May Be Fuel Source Retrieved on April 2, 

2015 http://www.upi.com/Science_News/2013/03/26/Greenhouse-gas-may-be-fuel-

source/UPI-83471364342864/?spt=hs&or=sn 

12) Nova ScienceNow Algal Fuel: Expert Q&A Retrieved on April 2, 2015 

http://www.pbs.org/wgbh/nova/tech/niyogi-algae.html 

13) Consumer Energy Center Biofuel as a Transportation Fuel Retrieved on April 2, 2015 

http://www.consumerenergycenter.org/transportation/afvs/biodiesel.html 

http://www.nytimes.com/2012/07/30/opinion/the-conversion-of-a-climate-change-skeptic.html?pagewanted=all&_r=0
http://www.nytimes.com/2012/07/30/opinion/the-conversion-of-a-climate-change-skeptic.html?pagewanted=all&_r=0
http://www.carbonbrief.org/blog/2012/07/best-the-science-behind-richard-mullers-conversion/
http://www.carbonbrief.org/blog/2012/07/best-the-science-behind-richard-mullers-conversion/
http://www.eia.doe.gov/oil_gas/petroleum/data_publications/company_level_imports/cli_historical.html
http://www.eia.doe.gov/oil_gas/petroleum/data_publications/company_level_imports/cli_historical.html
http://www.eia.gov/energyexplained/index.cfm?page=biofuel_home
http://www.energyfuturecoalition.org/biofuels/benefits_env_public_health.htm
https://www.sciencenews.org/article/make-biofuel-cut-lignin
http://web.mit.edu/newsoffice/2012/converting-plant-waste-into-biofuels-0912.html
http://www.biofuelsdigest.com/bdigest/2014/01/13/researchers-find-simple-inexpensive-technique-for-removing-lignin/
http://www.biofuelsdigest.com/bdigest/2014/01/13/researchers-find-simple-inexpensive-technique-for-removing-lignin/
http://www.biofuelsdigest.com/bdigest/2012/02/22/make-it-here-bank-it-here/
http://www.biofuelsdigest.com/bdigest/2012/02/22/make-it-here-bank-it-here/
http://www.bizjournals.com/boston/blog/startups/2013/04/joule-renewable-gasoline-jet-fuel.html?ana=RSS&s=article_search&utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+industry_5+%28Industry+Energy+%26+the+Environment%29&utm_content=Google+Reader
http://www.bizjournals.com/boston/blog/startups/2013/04/joule-renewable-gasoline-jet-fuel.html?ana=RSS&s=article_search&utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+industry_5+%28Industry+Energy+%26+the+Environment%29&utm_content=Google+Reader
http://www.bizjournals.com/boston/blog/startups/2013/04/joule-renewable-gasoline-jet-fuel.html?ana=RSS&s=article_search&utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+industry_5+%28Industry+Energy+%26+the+Environment%29&utm_content=Google+Reader
http://www.bizjournals.com/boston/blog/startups/2013/04/joule-renewable-gasoline-jet-fuel.html?ana=RSS&s=article_search&utm_source=feedburner&utm_medium=feed&utm_campaign=Feed%3A+industry_5+%28Industry+Energy+%26+the+Environment%29&utm_content=Google+Reader
http://www.upi.com/Science_News/2013/03/26/Greenhouse-gas-may-be-fuel-source/UPI-83471364342864/?spt=hs&or=sn
http://www.upi.com/Science_News/2013/03/26/Greenhouse-gas-may-be-fuel-source/UPI-83471364342864/?spt=hs&or=sn
http://www.pbs.org/wgbh/nova/tech/niyogi-algae.html
http://www.consumerenergycenter.org/transportation/afvs/biodiesel.html


38 
 

14) Newman, Stefai How Algae Biodiesel Works Retrieved on April 2, 2015 

http://science.howstuffworks.com/environmental/green-science/algae-biodiesel2.htm 

15) Messmore, Teresa Pollution-Fighting Algae Retrieved on April 2, 2015 

http://www.udel.edu/udaily/2013/jun/algae-pollution-biofuel-062713.html 

16) Reuters Factbox: The Group of 8: What is it? Retrieved on April 2, 2015 

http://uk.reuters.com/article/2008/07/03/us-g8-group-idUKB26280520080703?sp=true 

17) International Energy Agency Technology Roadmap: Biofuels for Transport 2011 Ed. 

Retrieved July 7, 2013 

http://www.iea.org/publications/freepublications/publication/Biofuels_Roadmap_WEB.p

df 

18) Bioeconomic Research Associates U.S Economic Impact of Advanced Biofuels 

Production: Perspectives to 2030 Feb 2009 Ed. Retrieved February 18, 2015 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact

=8&ved=0CCoQFjAA&url=https%3A%2F%2Fwww.bio.org%2Fsites%2Fdefault%2Ffil

es%2FEconomicImpactAdvancedBiofuels.pdf&ei=w80SVf-

4H4mqyQTwmoGABg&usg=AFQjCNGo2wUWO-

xIeXRbFtO7yoKfJ4bCEA&bvm=bv.89217033,d.aWw 

19) International Energy Agency Transport, Energy, and CO2 Executive Summary, pg 29, 

2009 Ed. Retrieved June 29, 2013 

https://www.iea.org/publications/freepublications/publication/transport2009.pdf 

20) International Energy Agency Tracking Clean Energy Progress 2013 

www.iea.org/publications/tcep_web.pdf 2012 Retrieved July 7, 2013 

21) Siegel, RP Biomass Energy: Pros and Cons Retrieved on April 2, 2015 

http://www.triplepundit.com/2012/05/biomass-energy-pros-cons/ 

22) White, Frances Study: Algae could replace 17% of U.S. oil imports Retrieved on January 

16, 2017 http://www.pnnl.gov/news/release.aspx?id=859 

23) Briggs, Michael Widescale Biodiesel Production from Algae 

http://www.americanenergyindependence.com/algaefarms.aspx 

24) Howard, Jordan Fracking Pros and Cons: Weighing in on Hydraulic Fracking Retrieved 

on April 10, 2017 http://www.huffingtonpost.com/2011/11/10/fracking-pros-

cons_n_1084147.html?slideshow=true#gallery/196544/0 

25) Union Gas Chemical Composition of Natural Gas Retrieved on April 10, 2017 

https://www.uniongas.com/about-us/about-natural-gas/Chemical-Composition-of-

Natural-Gas 

26) Depleted Cranium Is Natural Gas Really So Safe? Retrieved on April 10, 2017 

http://depletedcranium.com/files/is-natural-gas-really-so-safe/ 

27) EIA About U.S. Natural Gas Pipelines Retrieved on April 10, 2017 

https://www.eia.gov/pub/oil_gas/natural_gas/analysis_publications/ngpipeline/index.html 

28) Desmogblog.com The Dangers of Gas Drilling Retrieved on April 10, 2017 

https://www.desmogblog.com/fracking-the-future/danger.html 

29) Drury, Steve Fracking Check List Retrieved on April 10, 2017 https://earth-

pages.co.uk/2011/11/04/fracking-check-list/ 

http://science.howstuffworks.com/environmental/green-science/algae-biodiesel2.htm
http://www.udel.edu/udaily/2013/jun/algae-pollution-biofuel-062713.html
https://www.iea.org/publications/freepublications/publication/transport2009.pdf
http://www.triplepundit.com/2012/05/biomass-energy-pros-cons/
http://www.pnnl.gov/news/release.aspx?id=859
http://www.americanenergyindependence.com/algaefarms.aspx
http://www.huffingtonpost.com/2011/11/10/fracking-pros-cons_n_1084147.html?slideshow=true#gallery/196544/0
http://www.huffingtonpost.com/2011/11/10/fracking-pros-cons_n_1084147.html?slideshow=true#gallery/196544/0
https://www.uniongas.com/about-us/about-natural-gas/Chemical-Composition-of-Natural-Gas
https://www.uniongas.com/about-us/about-natural-gas/Chemical-Composition-of-Natural-Gas
http://depletedcranium.com/files/is-natural-gas-really-so-safe/
https://www.eia.gov/pub/oil_gas/natural_gas/analysis_publications/ngpipeline/index.html
https://www.desmogblog.com/fracking-the-future/danger.html
https://earth-pages.co.uk/2011/11/04/fracking-check-list/
https://earth-pages.co.uk/2011/11/04/fracking-check-list/


39 
 

30) Newman, Stefai How Algae Biodiesel Works Retrieved on April 2, 2015 

http://science.howstuffworks.com/environmental/green-science/algae-biodiesel3.htm 

31) Sapphire Energy FAQ Retrieved on April 2, 2015 http://www.sapphireenergy.com/green-

crude/faq/ 

32) Stolte, Daniel Biofuels Expert Explains How Future Innovations Could Help Realize 

Algal Biofuels Full Potential Retrieved on April 2, 2015 http://phys.org/news/2012-11-

biofuel-expert-future-algal-biofuels.html 

33) Lane, Jim Algenol: Renewable Fuel at 75 Cents Below Current Market, as Soon as 2014 

Retrieved on April 2, 2015 http://www.biofuelsdigest.com/bdigest/2013/10/02/algenol-

renewable-fuel-at-75-cents-below-market-price-as-soon-as-2014/ 

34) Markham, Derek Algae Biofuel Process by Algenol Yields 8000 Gallons Per Acre at 

$1.27 Per Gallon Retrieved April 2, 2015 http://ecopreneurist.com/2014/04/17/algenol-

produces-8000-gallons-algae-biofuel-per-acre-1-27-per-gallon/ 

35) NASA Overview: OMEGA Project 2009-2012 Retrieved on April 2, 2015 

http://www.nasa.gov/centers/ames/research/OMEGA/ 

36) Wilmoth, Adam Mighty Algae Could Lead to Biofuels Breakthrough Retrieved April 2, 

2015 http://newsok.com/mighty-algae-could-lead-to-biofuels-

breakthrough/article/3808160/?page=1 

37) National Renewable Energy Laboratory  Scientists Find Key Function for Ferredoxins in 

Algae Hydrogen Production Retrieved April 2, 2015 

http://www.nrel.gov/news/press/2014/8301.html 

38) Widenoja, Raya How Will the U.S. Produce 36 Billions of Biofuel by 2022 Retrieved 

April 2, 2015 http://www.worldwatch.org/node/5600 

39) United Press International Scientists Make Hydrogen Fuel From Plants Retrieved April 

2, 2015 http://www.upi.com/Science_News/Technology/2013/04/03/Scientists-make-

hydrogen-fuel-from-plants/UPI-43441365025739/ 

40) Barlow, Zeke Breakthrough in Hydrogen Fuel Production Could Revolutionize 

Alternative Energy Market Received April 2, 2015 

http://www.vtnews.vt.edu/articles/2013/04/040413-cals-hydrogen.html 

41) Y-H Percival Zhang, Jibin Sun and Jian-Jiang Zhong Biofuel production by in vitro 

synthetic enzymatic pathway biotransformation Current Opinion in Biotechnology 2010, 

21:1–7 

42) Schroeder, Joanna NC State Breaks Down Cell Walls Retrieved April 2, 2015 

http://domesticfuel.com/2014/10/31/nc-state-breaks-down-cell-walls/ 

43) Thomas P. Howarda, Sabine Middelhaufea, Karen Moorea, Christoph Ednera, Dagmara 

M. Kolaka, George N. Taylora, David A. Parkera, Rob Leea, Nicholas Smirnoffa, 

Stephen J. Avesa, and John Lovea  Synthesis of customized petroleum-replica fuel 

molecules by targeted modification of free fatty acid pools in Escherichia coli 

Proceedings of the National Academy of the Sciences 2013 

www.pnas.org/cgi/doi/10.1073/pnas.1215966110 

http://science.howstuffworks.com/environmental/green-science/algae-biodiesel3.htm
http://www.sapphireenergy.com/green-crude/faq/
http://www.sapphireenergy.com/green-crude/faq/
http://phys.org/news/2012-11-biofuel-expert-future-algal-biofuels.html
http://phys.org/news/2012-11-biofuel-expert-future-algal-biofuels.html
http://www.biofuelsdigest.com/bdigest/2013/10/02/algenol-renewable-fuel-at-75-cents-below-market-price-as-soon-as-2014/
http://www.biofuelsdigest.com/bdigest/2013/10/02/algenol-renewable-fuel-at-75-cents-below-market-price-as-soon-as-2014/
http://ecopreneurist.com/2014/04/17/algenol-produces-8000-gallons-algae-biofuel-per-acre-1-27-per-gallon/
http://ecopreneurist.com/2014/04/17/algenol-produces-8000-gallons-algae-biofuel-per-acre-1-27-per-gallon/
http://www.nasa.gov/centers/ames/research/OMEGA/
http://newsok.com/mighty-algae-could-lead-to-biofuels-breakthrough/article/3808160/?page=1
http://newsok.com/mighty-algae-could-lead-to-biofuels-breakthrough/article/3808160/?page=1
http://www.nrel.gov/news/press/2014/8301.html
http://www.worldwatch.org/node/5600
http://www.upi.com/Science_News/Technology/2013/04/03/Scientists-make-hydrogen-fuel-from-plants/UPI-43441365025739/
http://www.upi.com/Science_News/Technology/2013/04/03/Scientists-make-hydrogen-fuel-from-plants/UPI-43441365025739/
http://www.vtnews.vt.edu/articles/2013/04/040413-cals-hydrogen.html
http://domesticfuel.com/2014/10/31/nc-state-breaks-down-cell-walls/
http://www.pnas.org/cgi/doi/10.1073/pnas.1215966110


40 
 

44) Flint, Kristin L. E. Coli are Taking Over the Gas Pump Retrieved April 2, 2015 

http://dujs.dartmouth.edu/biological_sciences/e-coli-are-taking-over-the-gas-

pump#.VOVwuC7W-IQ 

45) Urquhart, James First Ionic Liquid made from Plant Waste Retrieved on April 2, 2015 

http://www.rsc.org/chemistryworld/2014/08/first-ionic-liquid-made-plant-biofuel-waste 

46) Tully, Andy Researchers Take Major Step to Effective “Bio-Gasoline” Retrieved April 2, 

2015 http://oilprice.com/Latest-Energy-News/World-News/Researchers-Take-Major-

Step-To-Effective-Bio-gasoline.html 

47) National Renewable Energy Laboratory (2009) Biodiesel Handling and User Guide (Oak 

Ridge, TN: US Department of Commerce), 4th Ed www.biodiesel.org/docs/using-

hotline/nrel-handling-and-use.pdf 

48) International Energy Agency From 1
st
 to 2

nd
 Generation Biofuel Technologies: An 

Overview of Current Industry and RD&D Activities Executive Summary 2008 

http://www.iea.org/publications/freepublications/publication/2nd_Biofuel_Gen_Exec_Su

m.pdf 

49) Algae Biomass Organization Algae Fuels Show Superior Performance Retrieved April 2, 

2015 http://www.algaebiomass.org/blog/3644/algae-fuels-show-superior-performance/ 

50) National Academy of Sciences. (2012, October 24). Large-scale production of biofuels 

made from algae poses sustainability concerns. ScienceDaily. Retrieved April 2, 2015 

http://www.sciencedaily.com/releases/2012/10/121024133413.htm 

 

 

http://dujs.dartmouth.edu/biological_sciences/e-coli-are-taking-over-the-gas-pump#.VOVwuC7W-IQ
http://dujs.dartmouth.edu/biological_sciences/e-coli-are-taking-over-the-gas-pump#.VOVwuC7W-IQ
http://www.rsc.org/chemistryworld/2014/08/first-ionic-liquid-made-plant-biofuel-waste
http://oilprice.com/Latest-Energy-News/World-News/Researchers-Take-Major-Step-To-Effective-Bio-gasoline.html
http://oilprice.com/Latest-Energy-News/World-News/Researchers-Take-Major-Step-To-Effective-Bio-gasoline.html
http://www.iea.org/publications/freepublications/publication/2nd_Biofuel_Gen_Exec_Sum.pdf
http://www.iea.org/publications/freepublications/publication/2nd_Biofuel_Gen_Exec_Sum.pdf
http://www.algaebiomass.org/blog/3644/algae-fuels-show-superior-performance/

