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I. Introduction

The March 29, 2007 issue of Popular Mechanics recently included a quote from John Sheehan, an energy analyst with the National Renewable Energy Laboratory (NREL) and the lead …, in which he discussed algae’s potential as a future energy source.  Sheehan stated “There is no other resource that comes even close in magnitude to the potential for making oil.”
  Sheehan, along with numerous other private and government organizations, expressed a truth that needs to be given serious consideration.  Fossil fuel consumption and, along with it, greenhouse gas production, has reached epidemic proportions.
  In order to ensure the continued survival of our planet, alternative renewable energy sources must be pursued.  An often neglected source of energy that mitigates carbon dioxide, facilitates oxygen production, burns clean, and works in combination with current energy sources, is algae.
This paper will attempt to explain algae harvest and production, beginning with a brief definition and background of algae use.  Both the positive and negative aspects of algae will be discussed, with a focus on production and synthesis.  Finally, future action will be considered, including government intervention and possible solutions for the ongoing energy crisis.

II. Background


Before discussing the potential uses and benefits of algae production, it is helpful to review the makeup and properties of algae as an organism.  Algae are some of the most primitive forms of plant life, but are more efficient converters of energy due to their simple cellular structure.  Algae underpin all life on Earth.  They use the sun’s energy to convert carbon dioxide and water into 70 to 80 percent of the world’s oxygen. They are also energy-rich foodstuffs that sustain the Earth’s animal life.
  Algae are prominent in bodies of water, with seaweed being the most common type of macroalgae.  Today, algae is used by humans in numerous functions, including fertilizers, soil conditioners and livestock feed.
  Naturally growing seaweeds are also a primary source of nutrition in many countries due to their high content of vitamins, iron, iodine, potassium, magnesium and calcium.


There are two main types of algae: macroalgae and microalgae.  Both are abundant and similar to bacteria in structure and organization.  All types of algae store carbon in the form of natural oils, carbohydrates and starch.  Macroalgae is commonly referred to as seaweed and is found through the world’s oceans.  Although macroalgae does have numerous beneficial uses and is currently being explored for possible energy extraction,
 this paper will focus on microalgae and its uses.  

Microalgae are organisms capable of photosynthesis which are less than 0.4 millimeters in diameter.  The preference for microalgae is due to its less complex structure, fast growth rate, and relatively high oil content.  Up to 50% of an alga’s body weight is comprised of oil.
  Through photosynthesis, microalgae multiply rapidly requiring only carbon dioxide, water, sunlight and a nutrient source.  Nearly all algae produce oxygen as a by-product of photosynthesis.  

Diatoms are unicellular, microscopic algae.  They are identifiable by the form of their silicon skeleton, which varies from 5 micrometers to 5 millimeters.  These organisms are widespread in saltwater, where they constitute the largest portion of phytoplankton biomass, but they are also found in freshwater.  There exist approximately 100,000 known species around the world, with more than 400 new specimens described each year.
  Certain species are particularly rich in oils.

These microscopic algae use a photosynthetic process similar to that of higher-developed plants.
  They are capable of regulating carbon dioxide just like terrestrial plants, thanks to specific enzymes.  National Renewable Energy Laboratory researchers were the first to demonstrate the existence of these enzymes in diatoms.  In diatoms, a lack of silicon leads to an increase in oil synthesis.  The genes responsible have been isolated and cloned in the hopes of augmenting their expression and thus increasing the production of oil.  When a nitrogen stress is applied to green algae, the same results ensue.

Since algae grow in a primarily aqueous environment, they generally have easy access to water, carbon dioxide and nutrients.  Microalgae are remarkable for their natural biological efficiency in converting energy.
  Microalgae are capable of taking a zero-energy form of carbon (carbon dioxide) and converting it to liquid energy (oil) and gaseous energy (hydrogen).  Given the right conditions, algae can double its volume overnight and, unlike other biofuel feedstocks, such as soy or corn, it can be harvested day after day.
  Yields are also far superior to current biofuels.
  These unique properties make algae, and specific strains of microalgae in particular, a vital part of the fight against the continued use of fossil fuels.

Microalgae have also been used extensively studied in other environmental applications.  The removal of heavy metals from wastewaters has been extensively studied and some actual applications with immobilized algae were reported, though these could not compete commercially with ion exchange resins.

III. History of Algae Use

Like many good ideas, the concept of using microalgae as a source of fuel is older than most people realize.  The Mayas and the Aztecs of present-day Mexico used micro-algae as a dietary supplement.
  The idea of producing methane gas from algae was proposed in the early 1950’s.  These early researchers visualized a process in which wastewater could be used as a medium and source of nutrients for algae production. 

The concept found a new life with the energy crisis of the 1970’s.  In fact, NASA was the first to become interested in micro-algae, in the framework of space missions.  The National Renewable Energy Laboratory’s work on algae began in the 1970’s in the context of the American oil shortage.  It then became apparent to the American government that it was indispensable to search for foreign oil or to develop other fuels.  The Department of Energy (DOE) and its predecessors funded work on this combined process for wastewater treatment and energy production during the 1970’s.  This approach had the benefit of serving multiple needs – both environmental and energy-related.  It was seen as a way of introducing this alternative energy source in a short-term timeframe.

In the 1980’s, the DOE’s program gradually shifted its focus to technologies that could have large-scale impacts on national consumption of fossil energy.  Much of the DOE’s work from this period reflects a philosophy of energy research that is commonly referred to as the “quads mentality.”  A quad is a short-hand name for the unit of energy often used by DOE to describe the amounts of energy that a given technology might be able to displace.  Quad is short for “quadrillion BTU’s”—a unit of energy representing 1015 (1,000,000,000,000,000) BTU’s of energy.  This perspective led DOE to focus on the concept of immense algae farms.  

Work on algae began to take off in the late 1970’s.  The Office of Fuels Development, a division of the Department of Energy, funded a program from 1978 through 1996 under the National Renewable Energy Laboratory known as the “Aquatic Species Program.”
  The focus of this program was to investigate high-oil algae that could be grown specifically for the purpose of wide scale biodiesel production.  Government scientists experimented with algae in open ponds in California, Hawaii, and in Roswell, New Mexico.  But that involved massive amounts of land area, with inherent problems of evaporation and contamination from other plant species and various flying and swimming animals.
  These setbacks led to budget cuts and the eventual halting to the program sixteen years later.  NREL switched from algae research to focus on cellulosic ethanol.

In Japan a very much larger government-sponsored program on microalgae biofixation of CO2 was carried out during the 1990’s.  This program focused on mainly closed photobioreactors, including optical fiber systems, for fixation of CO2 and co-production of high value products.
  In Japan, also during the 1990’s, electric utility companies carried out additional research and development programs, including cultivation of microalgae on seawater and actual power plant CO2 in small ponds inside greenhouses
, as well as projects on biological H2 production by fermentation of microalgae biomass.
  Microalgae biofixation research and development continues in Japan, though at a lower level of intensity.


Now, with oil prices at an all-time high, competing demands between foods and other biofuel sources and the world food crisis have reignited interest in farming algae for making a multitude of useful products, including vegetable oil, biodiesel, bioethanol, and other biofuels.  Recently, work on algae has begun anew, in response to skyrocketing petroleum prices which have created market conditions making algae-based diesel a competitive alternative.  In 1998, a barrel of petroleum sold for $13; today the price can exceed $50 per barrel.
  In 1982, it was estimated that the cost of production for a barrel of algal biodiesel was, on average, $94.  However, scientists at NREL remain optimistic that these new fuels will become competitive by 2010.  
IV. Future Potential

Algae has many attractive characteristics – they do not affect fresh water resources, can be produced using ocean and wastewater, and are biodegradable and relatively harmless to the environment if spilled.  “Algae can flourish in non-arable land or in dirty water, and when it does flourish, its potential oil yield per acre is unmatched by any other terrestrial feedstock.”
  Although algae currently costs more than other relative biofuels, it can yield over thirty times more energy per acre than any other biofuel crop.  This is due to the fact that almost the entire algal organism can use sunlight to produce lipids and oils.  


Algae farms could also be constructed to use waste streams (either human waste or animal waste from animal farms) as a food source, which would provide a way of spreading algae production around the country.  Nutrients can also be extracted from the algae for the production of a fertilizer high in nitrogen and phosphorous.  By using waste streams as the nutrient source, these farms essentially provide a means of recycling nutrients from fertilizer to food to waste and back to fertilizer.  Extracting the nutrients from algae provides a far safer and cleaner method of doing this than spreading manure or wastewater treatment plant “bio-solids” on farmland.


In order to have an optimal yield, these algae need to have CO2 in large quantities in the basins or bioreactors where they grow.  Thus, the basins and bioreactors need to be coupled with traditional thermal power centers producing electricity which produce CO2.  The CO2 is put in the basins and is assimilated by the algae.  It is thus a technology which recycles CO2 while also treating used water.  In this sense, it represents an advance in the environmental domain, even if it remains true that CO2 produced by the centers would be released in the atmosphere by the combustion of biodiesel in buses and cars.

The United States Department of Energy estimates that if algae fuel replaced all the petroleum fuel in the United States, it would require 15,000 square miles
, an area slightly larger than Maryland, and less than 1/7th the area used to harvest corn in the United States.  Yet corn’s output remains roughly 6 million tons per acre per year, while algae produces upwards of 30 millions tons per acre per year.  If we were to replace all the diesel that we use in the United States with an algae derivative, it could be done on an area of land that is about ½ of 1% of the farm land currently in use.  Making biofuels from algae is also unlikely to affect food supplies and prices as much as using corn for ethanol has been blamed for doing.  In addition, algae has the added benefit of being able to use the existing infrastructure of refineries, pipes, gasoline pumps, and internal-combustion engines.

One of the biggest advantages of biodiesel compared to many other alternative transportation fuels is that it can be used in existing diesel engines without modification, and can be blended in at any ratio with petroleum diesel.  Since the same engines can run on conventional petroleum diesel, manufacturers can comfortably produce diesel vehicles before biodiesel is available on a wide scale.  As biodiesel production continues to increase, it can go into the same fuel distribution infrastructure, replacing petroleum diesel either wholly or blended in with diesel.  This eliminates the huge cost of revamping the nationwide fuel distribution infrastructure.


As of 2008, such fuels remain too expensive to replace other commercially available fuels, with the cost of various algae species typically between $5-10 per kilogram of dry weight.  But several companies and government agencies are funding efforts to reduce capital and operating costs and make algae oil production commercially available.  One of these companies, Sapphire Energy, has proven itself a leader among “next generation” biofuels companies.
  Sapphire has developed new technology and claims that it can make an oil substitute for $60 a barrel, less than half the price of sweet crude oil currently on the markets.
  Sapphire expects to be producing 10,000 barrels of algae oil per day in five years, which is about what an offshore oil platform produces, and 200,000 barrels per day by 2022.


GreenFuel Technologies Corp.
, based in Cambridge, Massachusetts, is another biofuel company focused on cultivating algae that can produce high yields of both biodiesel and ethanol.  GreenFuel hopes that its pilot plant will see initial yields of 8,000 gallons of biodiesel and 5,000 gallons of ethanol per acre of algae.  GreenFuel claims that while an acre of corn can produce 300 gallons of ethanol a year, an acre of algae could theoretically produce 5,000 gallons of biofuel.
  Their main focus right now, however, is figuring out how to grow algae fast enough and cheap enough that it makes sense economically.


There are essentially four overarching reasons support further research and development in the field of algal harvest and production.  The first two address important national and international issues that continue to grow in importance – energy security and climate change.  The remaining two address aspects of algae technology that differentiate it from other technology options being pursued by the Department of Energy.


Energy security is the number one driving force behind the Department of Energy’s current Biofuels Program.  The U.S. transportation sector is at the heart of this security issue.  Cheap oil prices during the 1980’s and 1990’s have driven foreign oil imports to all time highs.  In 1996, imports reached an important milestone – imported oil consumption exceeded domestic oil consumption.  The Department of Energy’s Energy Information Administration paints a dismal picture of our growing dependence on foreign oil.  

98% of the transportation sector in the United States relies on petroleum, mostly in the form of gasoline and diesel fuel.
  Even minor fluctuations in the supply of foreign oil could have far-reaching implications for our nation’s energy security.  This is further supported by the Department of Energy’s findings that petroleum demand is increasing, new demand for oil will eventually come from the Persian Gulf, domestic supplies of oil will remain low as long as prices for petroleum remain relatively low, and the fact that the United States can expect its imports to exceed 60% of our total petroleum consumption ten years from now.


Similarly, climate change has remained a driving factor in the fight for algae production.  CO2 is consistently recognized as the most important and plentiful of the atmospheric pollutants currently contributing to the greenhouse effect.  By the end of the 1800’s, scientists were already speculating on the potential impacts of CO2.  The watershed event that brought the question of global warming to the forefront in the scientific community was the publication of Revelle’s data in 1957, which quantified the geologically unprecedented build-up of atmospheric CO2 that began with the advent of the industrial revolution.
  Revelle characterized the potential risk of global climate change this way: “In a world of ever more limited natural resources, algae technology offers the opportunity to utilize land and water resources that are, today, unsuited for any other use.  Land use needs for microalgae complement, rather than compete, with other biomass-based fuel technologies.”


Despite 40 more years of research since these initial observations, the debate over the true impact of CO2 continues.  However, the fact remains that the burning of fossil fuels is the major source of current atmospheric CO2.
  Thus, identifying alternatives to fossil fuels is essential to reducing greenhouse gas emissions.  Biodiesel made from algae oils is a viable alternative that has the potential to make a significant contribution to the reduction of CO2 from power plants and commercial automobile engines.


Another factor that supports the use of algae is the synergy between coal and microalgae.  Although it is conceded that fossil fuels need to be replaced eventually, these energy sources, and coal especially, will continue to play significant roles for years to come.  On a worldwide basis, coal is, by far, the largest fossil energy resource available.  About 1/4 of the world’s coal reserves reside in the United States.
  To put this in perspective, consider the fact that, at current rates of consumption, coal reserves could last for over 200 years.

Regardless of how much faith is put in future fossil energy projections, it is clear that coal will continue to play an important role in our energy future, especially given the relatively large amounts of coal that the United States controls within our own borders.  The Department of Energy’s Energy Information Administration estimates that electricity will become an increasingly large contributor to future United States energy demand.  Initially, low cost natural gas will grow in use, but inevitably, the demand for electricity will have to be met by coal.  Coal will remain the mainstay of United States baseline electricity generation, accounting for half of electricity generation by the year 2010.
  

The long term demand for coal brings with it a demand for technologies that can mitigate the environmental problems associated with coal.  While control technologies will be used to reduce air pollutants associated with acid rain, no technologies exist today which address the problem of greenhouse gas emissions.  Coal is the most carbon-intensive of the fossil fuels.
  In other words, for every BTU of energy liberated by combustion, coal emits more CO2 than either petroleum or natural gas.
  As pressure to reduce carbon emissions grows, this will become an increasingly acute problem for the United States.  It only makes sense to re-use stationary sources of carbon as much as possible.  Algae technology is unique in its ability to produce a useful, high-volume product from waste CO2.  Algae technology can extend the useful energy we get from coal combustion and reduce carbon emissions by recycling waste CO2 from power plants into clean-burning biodiesel.

The last significant reason for algae production is the relationship between aquatic and terrestrial biomass.  Algae are unique for their ability to grow in aquatic environments.  In that sense, algae technology will not compete for the land already being used by other biomass-based fuel technologies.  Even more importantly, algae are able to grow in brackish water that contains high levels of salt.
  This is significant in that algae technology will not put additional demands on already scarce sources of fresh water.  The ability of algae to grow in saline water means that certain areas of the country can be targeted; these areas could include parts of the country in which saline groundwater supplies prevent any other useful application of water or land resources.  Algae technology offers the opportunity to utilize land and water resources that are, today, unsuited for any other use.  
V. Production

There are two main types of algae production – open tank and photobioreactors.  Although each has proven effective in facilitating algae production and harvest, both also need significant improvements to become cost-effective in the immediate future.


a. Open Pond

The open ponds are traditionally “raceway” designs, in which the algae, water and nutrients circulate around a racetrack, with paddlewheels providing the flow.  The algae are thus kept suspended in water.  Algae are circulated back up to the surface on a regular frequency.  The ponds are kept shallow because of the need to keep the algae exposed to sunlight and the limited depth to which sunlight can penetrate the pond water.  The ponds are operated continuously; that is, water and nutrients are constantly fed to the pond, while algae-containing water is removed at the other end.  Some kind of harvesting system is required to recover the algae, which contains substantial amounts of natural oil.

The size of these ponds is measured in terms of surface area (as opposed to volume), since surface area is so critical to capturing sunlight.  Their productivity is measured in terms of biomass produced per day per unit of available surface area.  Even at levels of productivity that would stretch the limits of an aggressive research and development program, such systems will require acres of land.  At such large sizes, it is more appropriate to think of these operations on the scale of a farm.
  However, open-pond systems for the most part have been given up for the cultivation of algae with high-oil content.
  

Many believe that a major flaw of the Aquatic Species Program was the decision to focus their efforts exclusively on open-ponds; this makes the entire effort dependent upon the hardiness of the strain chosen, requiring it to be unnecessarily resilient in order to withstand wide swings in temperature and pH, and competition from invasive algae and bacteria.  Open systems using a monoculture are also vulnerable to viral infection.  The energy that a high-oil strain invests into the production of oil is energy that is not invested into the production of proteins or carbohydrates, usually resulting in the species being less hardy, or having a slower growth rate.  Algal species with a lower oil content, not having to divert their energies away from growth, have an easier time in the harsher conditions of an open system.

b. Bioreactors

Another obstacle preventing widespread mass production of algae for biofuel production has been the equipment and structures needed to begin growing algae in large quantities.  Numerous companies have avoided this problem by taking a different approach and growing the algae in thin walled polyethylene or glass tubing.  Maximum use of existing agriculture processes and hardware is the goal.  Other companies are using a similar approach by using conventional drip irrigation tubing, which can be incorporated into a normal agricultural environment.
  Instead of ponds, companies are shifting to a closed, vertical system, growing the algae in long rows of moving plastic bags or glass tubes.

In a closed system (one which is not exposed to open air) there is not the problem of contamination by other organisms blown in by the air.  The problem for a closed system is finding a cheap source of sterile carbon dioxide.  Several experimenters have found the CO2 from a smokestack works well for growing algae.
  To be economical, some experts think that algae farming for biofuels will have to be done next to power plants, where they can also help soak up the pollution.

Most companies pursuing algae as a source of biofuels are pumping nutrient-laden water through plastic tubes that are exposed to sunlight.  The main reason for the shift to these photobioreactors over the open pond systems is the fact that a pond has a limited amount of surface area for solar absorption.  By going vertical, it is possible to get a lot more surface area to expose cells to the sunlight.  This, in turn, keeps the algae hanging in the sunlight just long enough to pick up the solar energy they need to go through photosynthesis.
While the work on algae for fuel production done in the 1980’s and 1990’s focused almost entirely on the simple open pond approach, most groups now working in this field have shifted to focusing on the use of proprietary photobioreactors.  The primary reason for the shift was that most of the problems encountered by prior work
 are primarily a result of using open ponds.  Shifting to enclosed photobioreactors can immediately solve the bulk of the problems encountered by prior research.  Another advantage is that through the use of bioreactors, aalgae can also grow on marginal lands, such as in desert areas where the groundwater is saline, rather than utilizing potentially scarce fresh water.

However, these more productive and effective systems come at a price.  The obvious drawback is cost – any photobioreactor design is going to be have a higher capital cost than a simple, open pond.  Running a photobioreactor is more difficult than an open pond, and more costly.  At this point, a key factor in making algal biodiesel a commercial reality is the development of photobioreactors that can offer high yields but be built inexpensively enough to offer a reasonable payback rate.  Improving processing technologies and designing an integrated system to tie the algae production into other processes can further improve the economics and payback rate.

The future of algae production lies in the combination of the two current systems.  This new algal harvest process would utilize the positive aspects of both the open pond system and the photobioreactors.  This process would begin with the algae in a photobioreactor to maintain the constant conditions and input of CO2 and nutrients that favor continuous division while preventing contamination from other organisms.  Once ready, the algae would be transferred from the photobioreactors to a traditional open pond system to expose the algae to nutrient deprivation and environmental stresses that lead to production of oils.  The algae would then be harvested, concentrated and dried; during this process, the oils and other by-products could be extracted.

The difficulties in efficient biodiesel production from algae lie in finding an algal strain with a high lipid content and fast growth rate that isn't too difficult to harvest, and a cost-effective cultivation system that is best suited to that strain.  There is also a need to provide concentrated CO2 to turbocharge the production.
VI. Biomass

Regardless of the system used, all algae production is conducted to eventually end up with biomass.  This biomass can then be converted into a multitude of products, one of which is algae oil.
  Algal biomass consists of natural oils, proteins, and carbohydrates.  Many species of algae can produce oils comprising up to 35% or more of their dry weight.  Oil produced from algae is very similar in structure to oil derived from plants and vegetables such as soy, palm, and rapeseed.  Algae oil has many advantages that make it superior to traditional oils, including a better yield, more rapid growth, better land use options, frequent harvests, and an overall reduction in pollution.

Oils, along with fats, are composed of triglycerides – three fatty acids attached to a glycerol.  Because algae oil is a triglyceride, it can be converted to a variety of high value commodity products, the most significant of which are biofuels such as biodiesel.  Among biofuels, biodiesel provides a clean, sustainable opportunity alternative to petroleum-based diesel.  Biodiesel is derived from renewable resources such as algae oils, and can be used as a pure fuel or blended with petroleum-based diesel.  Blends of 20 percent biodiesel with 80 percent petroleum diesel (B20) can generally be used in unmodified diesel engines.

Biodiesel has many advantages over traditional petroleum-based fuels.
  Biodiesel is more environmentally friendly, contains no sulfurs or aromatics, reduces net carbon emissions by approximately 75% compared to petroleum diesel, and is the only alternative fuel to have successfully completed the United States EPA-required Tier I and Tier II health effects testing under the Clean Air Act.

In addition to providing a cleaner, renewable energy source, biomass can also be used for animal nutrition.  The leftover from algae oil processing can be used as an alternative high-grade protein source of animal feed.
  Comprehensive analyses and nutritional studies have demonstrated that these algal proteins are of high quality and comparable to conventional vegetable proteins.  With the advent new technology for growing algae, the potential to fill the protein gap in animal feed with algae by-products is real and provides additional economic incentive for technology adoption.  The protein/carbohydrate portion of algae, approximately 50% of the total mass, can be utilized as valuable animal feed.

There are other useful by-products of algae.  In addition to producing oil, the carbohydrate or sugar fraction of algae can also be fermented and distilled to produce another biofuel, ethanol.  Recent demand for ethanol has caused a world-wide spike in corn prices as well as raising a food-versus-fuel debate.  Some believe diverting agriculture production away from food to energy increases the possibility of famine.  Using the carbohydrates found in algae to produce ethanol or other biobased products can relieve the pressure of redirecting important agricultural resources, such as land and water, to non-food uses.

While vegetable oil remains the primary feedstock for biofuels produced from microalgae, carbohydrates provide a valuable, secondary by-product that can be converted into alternative fuels.  JP-8 military jet fuel can also be produced cost-efficiently from the algae oil.  The high yield potential of algae, over 100 times that of soybeans, and the fact that it is not a major source of food or feed, makes algae an ideal candidate to replace oil as a source for jet fuels.
VII. Problems and Obstacles

Algae production, while exciting, is not without potential problems and obstacles.  The main obstacle facing large-scale algae production is economic.  Trying to grow organisms is expensive; the water needs to be just the right temperature for algae to proliferate, and even then open ponds can become choked with invasive species.
  Atmospheric levels of CO2 also aren’t high enough to spur exponential growth, meaning that artificial CO2 must be pumped in.  A University of New Hampshire study estimated a cost of $40-80,000 per hectare for algal ponds.
  This study further found that the operating costs, including power consumption, labor, chemicals, and fixed capital costs (taxes, maintenance, etc.), would be approximately $12,000 per hectare.
  This equates to roughly $46 billion per year for United States algae farms needed to yield all the feedstock necessary for the entire country.  This is compared to the $100-150 billion the United States spends annually on purchasing crude oil from foreign countries.


The cost analyses for large-scale microalgae production evolved from rather superficial analyses in the 1970’s to the much more detailed and sophisticated studies conducted during the 1980’s.  A major conclusion from these analyses is that there is little prospect for any alternatives to the open pond designs, given the low cost requirements associated with fuel production.  The factors that most influence cost are biological, and not engineering-related.  These analyses point to the need for highly productive organisms capable of near-theoretical levels of conversion of sunlight to biomass.  Even with aggressive assumptions about biological productivity, the Aquatic Species Program project predicted costs for biodiesel which being two times higher than petroleum diesel fuel costs.

Another problem is simply the scale of algae operations.  In order to make algal harvest cost-efficient and comparable with current energy production, companies must scale up from a few greenhouses to millions of acres of algae ponds that are required to make a dent in the world’s consumption of fossil fuels.
  In order to grow enough algae to supply the entire world’s energy needs would mean covering a space ¼ the size of the Egyptian desert.  That’s roughly 250,000 square miles, which is almost the size of Texas – an enormous undertaking.

An important concern about wide-scale development of biodiesel is whether it would displace croplands currently used for food crops.  In the United States, roughly 450 million acres of land is used for growing crops, with the majority of that actually being used for producing animal feed for the meat industry.  Another 580 million acres are used for grassland pasture and range.
  This accounts for nearly half of the 2.3 billion acres within the US (only 3% of which, or 66 million acres, is categorized as urban land).  

Resource availability is also a significant factor to be considered.  Such resource assessments require a combined evaluation of appropriate climate, land and resource availability.  These analyses indicate that significant potential land, water and CO2 resources exist to support this technology.  Algal biodiesel could easily supply several “quads” of biodiesel – substantially more than existing oilseed crops could provide.  Microalgae systems use far less water than traditional oilseed crops, and land is hardly a limitation.  Two hundred thousand hectares (less than 0.1% of climatically suitable land areas in the United States) could produce one quad of fuel.  Thus, though the technology faces many research and development hurdles before it can be practicable, it is clear that resource limitations are not an argument against the technology.

VIII. Future Action

For any biofuel to succeed at replacing a large quantity of petroleum, the yield of fuel per acre needs to be as high as possible.  At its core, biofuels are a form of solar energy, as plants use photosynthesis to convert solar energy into chemical energy stored in the form of oils, carbohydrates, proteins, and starches.  The more efficient a particular plant is at converting that solar energy into chemical energy, the better it is from a biofuels perspective.  Algae are among the most photosynthetically efficient plants.

Locating algae processing plants intelligently to utilize this photosynthetic efficiency can add to their output.  Locating algae facilities next to carbon producing power plants, or manufacturing plants, for instance, the plants could sequester the CO2 they create and use those emissions to help grow the algae, which need the CO2 for photosynthesis.  Similarly, spreading algae production around the country would result in more land being required than the projected 9.5 million acres, but the benefits from distributed production would outweigh the larger land requirement.

If the production of algal biodiesel has not already been widespread at an industrial scale, it’s simply due to concerns about profitability and competition.  Algae does not completely solve the problem of petroleum-based fossil fuels, and there are still significant obstacles to overcome.  Although algae production and harvest remains one of the few viable alternatives to fossil fuel consumption, Congress, prodded by powerful agricultural lobbyists, is providing huge subsidies to corn growers to produce ethanol.  “By continuing to subsidize mostly the existing technologies instead of emerging alternatives, the government runs the risk of discouraging a real future of renewable energy.”


Achieving low costs and high productivities will require a substantial research and development effort.  Although very high productivities may be achievable through genetic manipulation of microalgae
, those approaches still have to be brought out of the laboratory into outdoor pond cultures.


Also, the nutrients recovered from agricultural drainage waters, and contained in the residues of the digested algal biomass, could have a premium value as an organic fertilizer, highly desirable in organic farming.  It may be possible to establish actual nitrogen fertilizer production processes based on nitrogen fixing cyanobacteria, if the resulting fertilizers have particularly high value.  More broadly, municipal wastewater treatment, particularly that used for nutrient removal, provides a significant opportunity for development of such microalgae processes, with the value of cleaned water a major consideration.

Indeed, the value of the recoverable water resources produced by microalgae waste treatment processes could exceed the value of the fuels, fertilizers, and all other products combined.  The difficulty resides in the highly site-specific nature of such processes, which requires site-specific analyses.  Site-specific studies are also required to address the seasonal variability of such processes, which can result in a difference in productivity between summer and winter.  Wastewater treatment processes, such as nutrient removal, must accommodate these swings, requiring both seasonal performance objectives and operations.

The government also needs to take a more proactive role in ending the nation’s dependence on fossil fuels.  One possible solution is to prevent Congress from favoring any one specific technology and stop mandating the use of one alternative fuel over the others.  We should trust the competitive market to filter out those fuel sources which cannot compete.  The government has, however, shown some progress in the field of renewable energy.  One successful bill has been H.R. 6, the Energy Independence and Security Act of 2007 (EISA).
  This act updated the volume of renewable fuels required in 2008 and created a new 36 billion gallon program beginning in 2009 through 2022, lasting into perpetuity, until acted upon by Congress.  The program created side-by-side minimum use requirements for technologically neutral classes of renewable fuels, including conventional biofuels, advanced biofuels, cellulosic biofuels, biomass-based diesel, and undifferentiated advanced biofuels.


This program created a minimum-use requirement for biomass-based diesel
 and enhanced the minimum-use requirement for advanced biofuels
.  In order to qualify for the program, the fuel must first meet the 40-50% lifecycle greenhouse gas emission requirement, as compared to the baseline greenhouse gas emissions of the fuel being replaced.  In addition, the Environmental Protection agency was instructed to complete a study to determine whether renewable fuel volumes required by this act would adversely impact air quality as a result of changes in vehicular and engine emissions.


The Kyoto Protocol has represented the significant worldwide attempt to reduce CO2 emissions.
  Under the Kyoto Protocol, ratified by 160 countries, and which goes into full effect in 2012, there is a global commitment to reduce CO2 emissions below 1990 levels.
  Both the Kyoto Protocol and its predecessor in Europe, the EU Emissions Trading Scheme, operate as “cap and trade” systems. 

Since 2005, some 12,000 large industrial plants in the EU have been able to buy and sell permits to release CO2 into the atmosphere.  Each individual plant is assigned a specific emissions quota, or “cap.”  Companies that exceed their cap can buy unused credits from “greener” companies.  Fines of 40 euro per ton of CO2 are levied for excess emissions, rising to 100 euro per ton of CO2 after 3 years of entry into the trading system.

ETS and Kyoto effectively place a limit on industry growth for the benefit of the environment.  The first industries to be affected are the big emitters – power, cement, and oil & gas.  For those industries to remain at current production capacity, they must reduce their CO2 emissions.  Companies have two mainstream alternatives to reduce their CO2 emissions.  The first is to improve efficiency of industrial processes, and the second is to develop chemical capture, transport and geological storage.

Regulatory pressure to produce renewable energy is widespread, and increasing.  The year 2020 is now a popular target worldwide, with policies aimed at increasing the share of renewables as a percentage of total energy use.  China has a legislated, binding target to triple renewable energy sources to 15% by 2020.
  The EU Renewables Directive adopted in 2001 has a target of 12% renewables by 2010; an increase to 20% has been recommended for 2020.

California’s Renewable Portfolio Standard requires sellers of electricity to purchase 20% of their electricity from renewable sources by 2017, and sets a state goal of 33% by 2020.
  The State of Hawaii has set its own Renewable Portfolio Standard of 20% of its energy needs coming from renewable sources by 2020.  For biodiesel in particular, Europe, Brazil, China, and India each have targets to replace from 5% to 20% of total diesel with biodiesel.

In order to effectively begin large-scale algae production, certain steps need to be taken.  The first of these is an emphasis on basic biology.  The bulk of work right now needs to be performed in the laboratory, in order to maximize the overall productivity of algal systems in the field.  Second, we need to take advantage of existing plant biotechnology and use genetic research as helpful guidelines in the search for the most effective and efficient strains of algae.  Third, we must start with what works in the field.  Developers need to select strains that work well at the specific site at which they are being used, as these are the strains that are likely to be successful and lead to further breakthrough.  

Fourth, particular emphasis needs to be paid to trying to maximize photosynthetic efficiency.  Recent advances in our understanding of photosynthetic mechanisms at a molecular level, in conjunction with the advances being made in genetic engineering tools for plant systems, offer exciting opportunities for constructing algae which do not suffer the limitations of light saturation photoinhibition.  Fifth, realistic goals must be set for algae technology.  Expecting algal biodiesel to compete with such cheap petroleum prices is unrealistic. Without some mechanism for monetizing its environmental benefits (such as carbon taxes), algal biodiesel is not going to get off the ground.  Finally, we must focus on near-term, intermediate technology deployment technologies that affect us in the present.  While we must be ever careful to keep an eye toward the future, too much reliance on long-term goals and energy displacement will slow down development of the technology.  

IX. Conclusion

The United States needs an energy policy that encourages both conservation and alternatives to fossil fuels, utilizing every source from solar and hydrogen power to synthetic organisms such as algae.  Although algae does not solve all the problems of pollution from oil-based products, it is undisputed that algae technology does have a cleaner overall carbon footprint than oil from the ground, and as such, needs serious consideration as a viable alternative to traditional fossil fuel energy production.
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